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ABSTRACT 


This  report  presents  the  results  of  an  evaluation 
of  the  operational  characteristics  of  the  flight  control 
systems  and  mechanizations  that  are  permanently  located 
in  the  Hydraulics  Laboratory  of  the  Control  Elements 
Branch  of  the  Air  Force  Flight  Dynamics  Laboratory  in 
Building  195,  Wright-Patterson  Air  Force  Base,  Dayton, 

Ohio.  This  effort  was  performed  by  Hydraulic  Research 
and  Manufacturing  Company  personnel  under  Air  Force  Con¬ 
tract  F33615-68-C-1638 . 

The  flight  control  systems  evaluated  were  the  Sperry 
three  axis,  two-fail-operate  Fly- By-Wire  (FBW)  system  and 
the  McDonnell  Douglas  single  axis,  single-fail  operate  sys¬ 
tem.  The  mechanizations  evaluated  were  the  Hydraulic  Research 
and  Manufacturing  Company’s  Polaris  integrated  actuator,  the 
Vickers  Model  MPEV3-044-2  motorpump,  and  the  FDCL  developed 
hydrologic  hydraulic  power  switching  valve.  In  addition, 
a  discussion  of  redundant  actuation  and  control  equipment 
design  techniques  is  included  in  section  three  of  this 
volume . 

The  investigation  disclosed  that  the  Sperry  and 
McDonnell  Douglas  FBW  systems  have  adequate  dynamic  res¬ 
ponse  and  reasonable  control  transfer  characteristics  for 
near  future  FBW  applications.  However,  considerable  re¬ 
furbishing  and  redesign  would  be  necessary  to  qualify  the 
mechanizations  for  actual  flight  test. 

The  Hydraulic  Research  and  Manufacturing  Company 
Polaris  integrated  actuator  was  found  to  have  adequate 
performance  for  FBW  applications,  but  considerable  re¬ 
furbishing  and  redesign  would  be  necessary  to  extend  the 
operational  life  of  this  integrated  actuator  concept. 

The  Vickers  motorpump  ha3  adequate  performance  for 
consideration  as  a  back  up  source  for  emergency  hydraulic 
power  applications,  but  the  suggested  application  guide¬ 
lines  listed  in  this  report  should  be  applied. 
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SECTION  I 


INTRODUCTION 


This  section  of  this  report  describes  the  mechaniza¬ 
tions,  test  procedures,  and  results  obtained  of  an  experi¬ 
mental  study  of  servo  actuators  and  associated  components 
supplied  as  facility  items  during  the  period  of  this  con¬ 
tract.  The  purpose  of  .this  investigation  was  to  determine 
those  characteristics  of  the  system  or  component  evaluated 
which  make  the  mechanization  or  item  more  or  less  desirable 
for  use  in  future  Fly- By-Wire  flight  control  systems. 

The  systems  and  components  evaluated  during  this  ef¬ 
fort  were  the  Sperry  two-fail  operate  Fly-By-Wire  (FBW)  sys¬ 
tem,  the  McDonald  Douglas  single-fail  operate  FBW  system, 
the  Hydraulic  Research  and  Manufacturing  Company  Polaris 
integrated  pakcage  servo  actuator  and  the  Vickers  Model 
MPEV3-044-2  Motor  Pump  Assembly. 
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SECTION  II 


EXPERIMENTAL  STUDIES  ON  SERVOACTUATORS 


1.  SPERRY  FLY-BY-WIRE  SYSTEM 
1.1  Introduction 

The  Sperry  Fly-By-Wire  (FBW)  system  is  a  three  axis, 
two-fail  operate  mechanization  composed  of  channel  elec¬ 
tronics,  control  simulator,  sidearm  controller  and  elec- 
trohydraulic  servoactuator.  These  units  are  shown  in  Fig.  1. 

The  Sperry  F,BW  system  was  designed  as  an  experimental 
laboratory  model  demonstrator  of  a  particular  FBW  design 
technique  applied  to  a  Boeing  B-47  aircraft  flight  control 
system.  However,  the  packaging  of  the  channel  electronics 
and  servoactuator  was  arranged  to  allow  the  system  to  be  in¬ 
stalled  in  a  B-47  aircraft  for  flight  test  evaluation. 

The  Sperry  FBW  system  was  developed  under  contract 
F33  615-67-C-1510  (Ref.  1)  and  was  a  continuation  of  the  re¬ 
search  conducted  by  Sperry  under  contract  AF  33(516) -3613 
(Ref.  2)  on  Fly-By-Wire  flight  control  systems.  The  Sperry 
FBW  system  was  completed  in  August  1968. 

1.3  General  System  Description 

The  Sperry  FBW  system  demonstrator  provided  three  con¬ 
trol  axes  for  evaluation.  The  pitch  axis  was  complete,  in¬ 
corporating  the  necessary  electrohydraulic  actuator  in  hard¬ 
ware  form.  For  the  roll  and  yaw  axis  mechanization,  the 
electrohydraulic  actuator  was  modelled  electrically. 

Fig.  2  is  a  block  diagram  of  the  pitch  (longitudinal) 
axis.  The  pilot’s  input,  modified  by  pitch  rate  (6)  and  nor¬ 
mal  acceleration  (Nn)  feedback,  controlled  the  output  of 
the  electrohydraulic  servoactuator.  A  position  transducer 
attached  to  the  actuator  develops  a  signal  proportional  to 
elevator  position  (<£e).  This  signal  proportional  to^  e  was 
fed  to  an  aircraft  analog  model  which  developed  the  Nn  and 
©  feedback  signals. 
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Figure  1.  Fly-By-Wire  Flight  Control  System  Units 


Figure  2.  Longitudinal  Axis  Block  Diagram 


The  block  diagram  of  the  roll  and  'yaw  lateral  direc¬ 
tion  axes  as  shown  in  Fig.  3.  The  pilot's  roll  or  yaw  in¬ 
puts  are  modified  by  roll  and  yaw  rate  feedback  and  applied 
to  analog  models  of  the  roll  and  yaw  actuators.  The  actuator 
models  generate  a  surface  response  signal  which  is  modified 
by  the  analog  simulation  of  the  aircraft  dynamics  and  demodu¬ 
lator  and  scaled  to  yield  the  desired  feedback  signals. 

The  pitch  and  roll  actuator  position  signals  are  also 
picked  off  and  applied  through  interface  networks  to  drive 
a  modified  artificial  horizon  indicator  on  the  control  simu¬ 
lator  front  panel. 

Failure  detection  in  the  electronic  circuits  of  the 
Sperry  FBW  system  is  accomplished  by  the  utilization  of  a 
5  KHZ  tracer  signal  which  appears  throughout  the  channel 
electronic  circuits.  Saturation  of  any  element  or  simple 
failure  of  the  element  will  eliminate  the  tracer  signal  and 
cause  the  internal  logic  to  isolate  the  faulty  channel  and 
transfer  the  mode  of  operation  of  the  system  to  the  next  lower 
order  of  redundancy. 

1.3  System  Mechanization  Description 

1.3.1  Sidearm  Controller 


The  sidearm  controller  shown  in  Fig.  4  is  a  three 
axis,  spring  centered  controller.  The  output  in  each  axis 
is  proportional  to  control  stick  position.  In  the  pitch 
axis  there  are  four  independent  synchro  transducers  which  are 
individually  excited  from  the  channel  electronics  power  sup¬ 
plies.  The  roll  and  yaw  axis  each  contain  one  synchro  trans¬ 
ducer  which  is  excited  from  the" model  channel  electronics 
power  supply.  To  simulate  the  quad- redundant  stick  in  these 
axes,  four  roll  and  yaw  output  signals  are  electronically 
generated  from  one  synchro  output. 

1.3.2  Channel  Electronics 


Each  axis  of  the  system  electronics  is  comprised  of 
three  active  channels  and  a  model  channel.  The  electronics 
utilize  thick  film  replaceable  modules  packaged  in  compact 
ATR  racks  as  shown  in  Fig.  5.  The  active  channel  electron¬ 
ics  are  interchangeable  and  keyed  to  prevent  their  misuse 
as  a  model  channel. 
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Figure  4.  Side  Arm  Controller 


The  active  channels  drive  active  eiectrohydraulic  ac¬ 
tuators  (models  in  the  roll  and  yaw  axis)  while  the  model 
channel  develops  a  model  o£  the  actuator  for  monitoring  pur¬ 
poses.  The  channel  electronics  contain  regulated  power  sup¬ 
plies.  tracer  signal  generators,  signal  shaping  and  summa¬ 
tion  networks,  servoactuator  drive,  monitoring  and  failure 
reporcing  displays. 

1.3.3  Control  Simulator 

The  Control  Simulator  shown  in  Fig.  6  contains  the 
B-47  analog  model,  buffers  and  steering  networks  to  process 
the  channel  electronic  failure  logic  signals,  failure  annun¬ 
ciator  and  axes  status  lamp  drivers,  aircraft  displays  and 
all  engage  switches  and  channel  discretes  required  for  channel 
engagement.  In  addition  the  control  simulator  contains  a 
clocked  logic  network  to  systematically  evaluate  the  status 
of  the  channel  electronics  by  determining  their  response  to 
hardover  inputs  and  a  switch  matrix  for  intentionally  insert¬ 
ing  preselected  failures.  This  clocked  logic  network  pro¬ 
vides  automatic  checkout  of  the  failure  detection  and  removal 
characteristics  of  the  mechanization  prior  to  engagement. 

The  control  simulator  also  acts  as  a  system  junction  box  for 
the  channel  electronics,  the  actuator,  and  the  sidearm  con¬ 
troller. 

1.3.4  Triple  Redundant  Actuator 

The  triple  redundant  actuator  shown  in  Fig.  7  consists 
of  three  hydraulically  independent  servoactuators  connected 
in  parallel  to  a  common  load.  Actuator  synchronization  is 
accomplished  by  the  force  sharing  technique. 

The  channel  electronics  drive  jet  pipe  servovalves. 

Each  servovalve  commands  a  spring  centered  second  stage  valve 
or  servo ram.  As  shown  in  Fig.  8,  each  servoram  is  mechani¬ 
cally  engaged  to  a  force  summing  shaft.  This  force  summing 
shaft  is  connected  to  the  main,  control  valves  controlling 
the  flow  to  the  output  actuator  drive  areas.  Mechanical 
position  feedback  was  used  from  the  actuator  to  the  main 
control  valve.  In  addition,  an  external  linkage  is  con¬ 
nected  to  the  feedback  link  to  provide  a  mechanical  input 
to  the  actuator.  This  link  is  normally  adjusted  for  the 
ideal  trim  conditions  and  clamped  to  the  actuator  body. 
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Figure  6.  B-47  Control  Simulator  Front  Panel 


Y* 


CONTROL  VALVE 
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Each  section  of  the  force  summing  shaft  is  aligned 
relative  to  the  others  and  the  sections  mechanically  locked 
together  so  that  any  one  servoram  may  drive  all  three  control 
valves.  Because  of  the  use  of  jet  pipe  servovalves,  the 
drive  areas  of  inactive  servorams  are  interconnected  through 
the  large  servovalve  flow  passages. 

Each  actuator  section  is  also  equipped  with  a  solenoid 
valve  to  cut  off  the  servovalve  supply  pressure.  A  bypass 
load  limiter  is  also  incorporated  in  each  actuator  section 
to  interconnect  the  section  drive  areas.  The  bypass  load 
limiter  operates  when  a  static  or  dynamic  mismatch t between 
channels  creates  a  pressure  differential  that  would  over¬ 
stress  the  mechanical  linkage  within  the  actuator. 

The  servoram  of  each  actuator  is  loaded  by  the  force 
output  of  the  other  servorams  and  a  force  fight  phenomena 
exists  if  there  is  a  discrepancy  among  the  three  active 
channels.  The  Sperry  FBW  system  utilizes  pressure  equali¬ 
zation  techniques  to  reduce  interchannel  discrepancies  and 
the  .resulting  force  fight  between  servorams  to  a  level  of 
less  than  1%  for  an  input  mismatch  of  as  much  as  10%. 

The  differential  pressure  across  each  servovalve  is 
voted  in  a  midvalue  logic  network  in  each  channel  and  an 
error  signal  is  applied  as  a  feedback  at  the  summing  junc¬ 
tion  of  each  valve  drive  servogmplifier  to  force  the  indi¬ 
vidual  channels  to  approach  the  midvalue. 

1.4  Test  Description 

The  performance  of  the  Sperry  FBW  system  was  evaluated 
by  determining  the  frequency  response  and  phase  shift  charac¬ 
teristic  and  the  control  channel  failure  removal  and  transfer 
characteristic  in  the  two  fail  operate,  fail  operate  and 
fail  safe  modes  of  operation. 

The  pitch  axis  of  the  Sperry  FBW  system  is  the  only 
control  axis  that  incorporates  an  active  actuator,  and  thus 
was  the  only  axis  evaluated  in  this  investigation. 

1.4.1  Dynamic  Response  -  Secondary  Actuator 

The  Sperry  FBW  system  was  instrumented  for  frequency 
response  and  phase  shift  measurements  as  shown  in  Fig.  9. 
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Figure  9.  Sperry  FBW  System  Test  Stand 


To  allow  evaluation  of  the  Sperry  simulation  strictly 
as  a  redundant  actuator  mechanization,  (without  the  modify¬ 
ing  effects  of  the  R-47  aircraft  normal  acceleration  and 
pitch  rate  feedback  signals)  the  internal  B-47  aircraft 
model  was  disabled  by  removing  a  jumper  cable  provided  for 
this  purpose.  The  pitch  axis  internal  electronics  incor¬ 
porated  a  forward  path  element  having  a  proportional  and 
integral  characteristic  (ref.  Fig.  2).  Since  the  integral 
characteristics  of  the  element  did  not  affect  the  dynamic 
operation  of  the  pitch  axis,  the  forward  path  element  was 
not  eliminated  for  the  tests  performed  on  the  pitch  axis. 

The  demodulated  output  from  the  sidearm  controller 
was  disconnected  from  the  summing  junction  of  the  initial  for¬ 
ward  loop  operational  amplifier.  The  input  signal  from  the 
function  generator  was  connected  to  the  summing  junction  of 
each  active  channel  through  the  input  resistor  normally  con¬ 
nected  to  the  sidearm  controller  demodulated  output  signal. 

The  Sperry  FBW  system  was  energized  in  the  two  fail 
operate  mode  and  the  trim  input  control  was  adjusted  until  the 
servoram  RVDT  output  approached  zero.  The  pilot  input  mech¬ 
anical  linkage  position  was  adjusted  to  provide  a  main  ram 
extension  of  1.275  inches  from  the  fully  retracted  position. 

To  allow  frequency  response  measurements,  the  demodu¬ 
lated  and  filtered  output  from  the  servoram  RVDT  was  applied 
to  the  horizontal  axes  of  a  DC  coupled  scope.  The  response 
measurements  were  made  at  a  main  ram  deflection  of  +  .050 
inches.  Particular  failure  modes  were  obtained  by  inter-/ 
rupting  the  power  source  of  selected  channels.  / 

/ 

1.4.2  Dynamic  Response  -  Main  Ram  1 

i 

The  motion  of  the  main  ram  Of  the  servoactuatof  was 
obtained  from  an  LVDT  mechanically  connected  to  the  tiinged 
flap  that  supports  the  rod  end  of  the  main  ram.  The  LVDT 
was  connected  to  the  hinged  flap  at  a  point  opposite  to 
the  attachment  of  the  main  rams  of  the  servoactuator  but 
on  the  same  horizontal  thrust  plane. 

The  LVDT  was  excited  from  a  28  volt,  400  Hz  source. 

The  output  from  the  LVDT  was  synchronously  demodulated  and 
filtered  with  a  second  order  lag  network  having  a  3  db  break 
point  at  80  Hz  or  approximately  one  order  of  magnitude  above 
the  expected  response  of  the  Sperry  Fly-By-Wire  system. 
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The  dynamic  response  of  the  main  ram  was  determined 
with  the  same  procedure  developed  for  the  secondary  actuator 
or  servoram. 

1.4.3  Control  Channel  Failure  Removal  and  Transfer  Charac- 
teristics 


The  purpose  of  this  investigation  was  to  evaluate  the 
control  channel  failure  removal  and  transfer  characteristics 
of  the  Sperry  FBW  system. 

Channel  failures  were  simulated  by  applying  hardover 
inputs  or  by  the  removal  of  hydraulic  or  electric  power. 
Signal  injection  and  power  removal  functions  were  accom¬ 
plished  by  utilizing  the  failure  injection  switch  matrix 
provided  on  the  panel  of  the  Sperry  control  simulator. 

The  effect  of  the  simulated  channel  failures  was  eval¬ 
uated  by  observing  the  transient  and  long  term  deviations  of 
the  servoactuator  main  ram  when  the  failures  were  injected. 

The  control  channel  failure  removal  and  transfer  char¬ 
acteristics  were  determined  by  injecting  a  specific  failure 
into  the  pitch  axis  of  the  control  channel  electronics  to 
cause  the  Sperry  FBW'  system  logic  to  sequentially  transfer 
control  from  the  two  fail  operate  mode  to  the  fail  safe  mode. 

After  the  injection  of  each  failure  and  the  stabili¬ 
zation  of  the  event  resulting  from  the  simulated  failure,  the 
main  ram  zero  pitch  trim  position  was  re-established  prior 
to  initiation  of  the  next  failure  simulation. 

The  servoactuator  main  ram  position  was  monitored  with 
the  LVDT  instrumentation  and  the  demodulated  and  filtered 
LVDT  output  was  connected  to  the  vertical  terminals  of  a  DC 
coupled  oscilloscope.  The  transient  effect  of  failure  injec¬ 
tion  was  recorded  with  a  Polaroid  Camera  attachment  mounted 
to  the  oscilloscope. 

1.5  Test  Results  and  Analysis 

In  the  process  of  preparing  the  Sperry  FBW  system  for 
evaluation,  an  excessive  voltage  was  accidentally  applied  to 
the  400  H2  AC  power  input  of  the  Sperry  control  channel 
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electronics.  The  channel  electronics  were  not  protected 
and  the  channel  electronic  power  supplies  and  some  logic 
modules  were  damaged.  Sperry  personnel  repaired  the 
channel  electronic  modules  and  rewired  the  400  cycle, 

3  phase  input  to  allow  the  system  to  be  operated  from 
a  single  phase,  400  cycle  source.  Sperry  personnel  also 
stated  that  the  FBW  system  appeared  to  be  operating  cor¬ 
rectly. 

The  pitch  axis  electronics  contained  a  forward  path 
element  having  a  proportional  and  integral  characteristic, 
v^ith  the  aircraft  model  disabled,  feedback  around  the  in¬ 
tegral  characteristic  of  the  element  was  eliminated,  al¬ 
lowing  the  element  to  generate  the  drift  observed  during 
the  evaluation  testing.  Since  the  evaluation  tests  were 
of  a  dynamic  nature  and  the  integral  characteristic  con¬ 
tributes  only  to  DC  drift  characteristic,  no  attempt  was 
made  to  remove  the  subject  elements  characteristic  from 
the  forward  path.  Fig.  10  shows  the  measured  frequency 
response  of  the  element  over  the  performance  range  used 
to  evaluate  the  actuator  channels.  As  can  be  seen  from 
the  plot,  the  integral  characteristic  of  the  element  did 
not  affect  the  frequency  response  measurements  in  any  way. 
The  principle  effept  of  the  element  was  the  gradual  DC 
drift  instability  observed  during  the  evaluation  testing 
and  appearing  in  the  failure  removal  characteristic  photo¬ 
graphs. 

As  anticipated,  with  the  B-47  model  disconnected,  the 
forward  path  free  integrator  characteristic  required  DC 
trim  corrections  during  measurement  of  the  dynamic  res¬ 
ponse  characteristic.  The  zero  trim  position  of  the  force 
summing  shaft  could  be  maintained  if  prior  to  each  dynamic 
test,  the  input  was  short  circuited  and  the  pitch  trim 
very  carefully  adjusted  until  all  drift  was  eliminated. 

In  different  modes  of ‘ operation,  it  was  necessary  to 
vary  the  drive  signal  to  maintain  a  constant  1  Hz  output 
deflection  at  the  force  summing  shaft. 

1.5.1  Dynamic  Response  -  Secondary  Actuator 

The  frequency  response  and  phase  shift  characteristics 
,«of  the  secondary  actuator  or  servoram  are  shown  in  Fig.  11 
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through  18.  The  frequency  response  and  phase  shift  charac¬ 
teristics  in  the  two  fail  operate  mode,  Fig.  11  and  the  fail 
operate  mode,  Fig.  12  through  14,  are  typical  of  a  well 
damped  second  order  system  with  some  higher  order  network 
effects  present.  The  damped  natural  frequency  in  these 
modes  varied  from  6.0  Hz  to  8.5  Hz  with  the  damping  ratio 
(second  order  equivalent)  varying  from  .3  to  .7. 

The  amplitude  and  phase  shift  characteristics  in  the 
fail  safe  and  select  modes  of  operation  exhibited  degraded 
response  from  the  two  fail  operate  and  fail  operate  modes 
of  operation.  The  degraded  response  reflected  the  reduced 
driving  force  to  drive  the  servoram  with  just  one  channel 
operating.  The  decreased  effective  force  in  the  fail  safe 
and  select  modes  results  in  a  decreased  dynamic  response, 
which  is  typical  of  a  force  summed  unit  under  constant 
loading.  „ 

When  channel  two  was  operated  independently,  the  trim 
characteristic  of  the  particular  forward  path  integrator 
plus  the  other  channel  two  components  gave  a  null  charac¬ 
teristic  that  prevented  dynamic  response  measurements. 


Fig.  15  and  16  show  the  measured  response  of  channel 
1  and  3  operating  in  the  fail  safe  mode,  with  the  electronic 
model  operating.  The  channel  3  response  showed  no  peak¬ 
ing  and  a  smooth  roll  off  of  response  above  5  Hz.  The 
-3db  point  occurred  at  8  Hz.  The  channel  1  response  did 
not  particularly  resemble  the  channel  3  characteristics. 

The  amplitude  response  started  to  attenuate  gradually 
above  1.5  Hz,  but  maintained  a  response  which  was  only 
-3db  down  at  9.5  Hz. 

Fig.  17  and  18  show  the  response  in  the  channel  se¬ 
lect  mode  for  channel  1  and  channel  3.  The  measured  res¬ 
ponse  differed  slightly  from  the  fail  safe  mode  of  opera¬ 
tion  with  the  same  respective  channels.  Channel  1  exhi¬ 
bited  a  smooth  roll  off,  no  peaking  and  a  response  which 
was  -3db  at  6,5  Hz.  This  was  a  slightly  lower  response 
than  the  fail  safe  mode,  but  with  what  appeared  to  be  a 
response  more  typical  of  a  linear  servo  system.  Channel 
3's  operation  in  the  select  mode  showed  some  irregularity 
above  10  Hz,  but  exhibited  a  relatively  smooth  response 
having  a  -3db  point  at  6.5  Hz. 
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Figure  18.  Channel  Three  Select  Mode  -  Servoram  Dynamic 


1.5.2  Dynamic  Response  -  Main  Ram 

The  frequency  response  and  phase  shift  characteristics 
of  the  main  ram  are  shown  in  Fig.  19  through  28. 

The  dynamic  response  characteristic  of  the  secondary 
actuator  or  servoram,  (decreased  response  with  decreased  ef¬ 
fective  force)  is  reflected  in  the  dynamic  response  of  the 
main  ram  in  the  various  modes  of  operation. 

The  two  fail  operate  frequehcy  response  (-3db  point) 
was  6.0  Hz.  The  variation  of  the  frequency  response  be¬ 
tween  the  different  channel  combinations  for  the  fail 
operate  mode  was  from  5  Hz  to  8  Hz  (for  the  -3db  point). 

,/  t 

The  degradation  of  the  main  ram  dynamic  response  in 
the  fail  safe  mode  of  operation,  Fig.  23  through  25,  cor¬ 
relates  with  the  observed  downward  trend  in  the  dynamic 
response  of  the  servoram  in  the  same  redundant  mode.  The 
frequency  response  measurements  in  the  fail  safe  mode 
(with  the  exception  of  channel  1  operation)  gave  a  -3  db 
point  which  varied  from  between  4.75  to  7  Hz  with  the  dif¬ 
ferent,  channels  operating.  The  channel  1  -3db  point  of 
2.75  Hz  is  different  than  with  the  other  channels  opera¬ 
ting.  , 

The  main  ram  dynamic  response  in  the  select  modes- of 
operation,  Fig.  26  through  28,  is  degraded  in  reference  to 
the  servoram  response  in  the  same  redundant  mode  of  opera¬ 
tion.  The  response  variation  between  channels  is  small, 
with  the  -3db  point  ranging  from  2  to  2.5  H,. 

The  decreased  dynamic  response  in  the  fail  safe  and 
select  modes  of  operation  is  related  to  the  decreased  ef¬ 
fective  driving  force  available  for  driving  the  servoram 
when  operating  in  these  modes. 

1.5.3  Failure  Removal  Characteristic 


This  investigation  was  limited  to  an  evaluation  of  the 
transient  effect  of  the  insertion  of  positive  and  negative 
hardover  signals  into  the  control  channel  electronics.  The 
limited  scope  of  this  effort  did  not  permit  an  evaluation 
of  the  effects  of  open  input  or  open  feedback  failures, 
but  these  effects  are  generally  less  severe,  in  terms  of 
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the  aircraft  pitch  rate  response,  than  hardover  signals. 
Furthermore,  the  effect  of  the  insertion  of  hardover  signals 
was  evaluated  in  terms  of  the  positional  deviation  of  the 
main  ram,  rather  than  the  pitch  rate  of  the  airframe. 

1.5. 3.1  Two-Fail  Operate  Mode  ~? 

The  Sperry  FEW  system  consistently  decoupled  the  chan¬ 
nel  into  which  the  hardover  $ignal  was  applied  within  200  to 
400  milliseconds  after  the  initiation  of  the  simulated  fail¬ 
ure.  The  main  ram  transient  deflection  that  resulted  from 
the  hardover  input  was  .072  to  .110  inches  or  less  than 
1.3°  equivalent  elevator  pitch  change,  as  shown  in  Fig. 

29  through  34. 

The  position  drift  (after  failure  removal)  shown  in 
Fig.  29  through  34  is  caused  by  the  free  integrator  in 
the  forward  path  element  of  the  pitch  axis  mechanization. 

The  drift  would  not  have  existed  with  the  B-47  aircraft 
model  inserted  in  the  control  loop. 

1.5. 3. 2  Fail  Operate  Mode 

The  Sperry  FBW  system  consistently  decoupled  the  chan¬ 
nel  into  which  the  hardover  signal  was  applied  within  250 
to  350  milliseconds  after  the  initiation  of  the  simulated 
failure.  The  sain  ram  deflection  resulting  from  the  hard- 
over  input  was  .100  to  .200  inches  or  less  than  2.4°  equi¬ 
valent  elevator  change,  as  -shown  in  Fig.  35  through  38. 

1.5. 3. 3  Fall  Safe  Mods 


The  Sperry  FBW  system  consistently  decoupled  the  chan* 
nei  into  which  the  hardover  signal  was  applied  within  250 
to  500  milliseconds  after  the  initiation  of  the  simulated 
failure.  The  main  ram  deflection  that  resulted  from  the 
hardover  input  was  ,300  to  ,630  inches  or  less  than  7,5° 
equivalent  elevator  pitch  change .  as  shown  in  Fig.  39  and 
40, 


The  main  ram  retained  an  offset  in  the  direction  of 
the-  hardover  signal  of  0,320  inches  for  hardover  positive 
and  0.216  inches  for  hardover  negative. 


The  offset  conditions  experienced  in  this  mode  of 
operation  may  be  caused  by  tb*_-  high  main  ram  seal  fric¬ 
tion  force. 


Two  Fail  Operate  Mode 

Channel  One  -  Hardover  Positive 

Vertical  -  . 090"Main  Ram  Def /Major  Division 

Horizontal  -  0.5  Sec/Major  Division 

Input  -  Nond 


Two  Fail  Operate  Mode 

Channel  One  -  Hardover  Positive 

Vertical  -  . 090^ Main  Ram  Def /Major  Division 

Horizontal^-  0.5  Sec/Major  Division 

Input  -  3HZ 


Figure  29,  Channel  One  Failure  Removal  Characteristic 
Two  Fail  Operate  Mode  -  Positive  Input 
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Two  Fail  Operate  Mode 

Channel  One  -  Hardover  Negative 

Vertical  -  . 090" Main  Ram  Def /Major  Division 

Horizontal  -  0.5  Sec/Major  Division 

Input  -  None 


Two  Fail  Opeirate  Mode 

Channel  One  -  Hardover  Negative  , 

Vertical  -  .090"ttain  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  3HZ 

Figure  30.  Channel  One  Failure  Removal  Characteristic 
Two  Fail  Operate  Mode  -  Negative  Input 
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Two  Fail  Operate  Mode 
Channel  Two  -  Hardover  Positive 
Vertical  -  .090* Main  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  None 


Two  Fail  Operate  Mode 

Channel  Two  -  Hardover  Positive 

Vertical  -  ,090^Main  Ram  DeF/Major  Division 

Horizontal  -  0.5  Sec/Major  Division 

Input  -  3HZ 


Figure  31.  Channel  Two  Failure  Removal  Characteristic 
Two  Fail  Operate  Mode  -  Positive  Input 


Two  Fail  Operate  Mode 

Channel  Two  -  Kardoyer  Negative 

Vertical  -  .09C)Main  Ram  Def /Major  Division 

Horizontal  -  0.5  Sec/Major  Division 

Input  -  None 


Two  Fail  Operate  Mode 

Channel  Two  -  Hardover  Negative 

Vertical  -  .090"' Main  Ram  Def /Major  Division 

Horizontal  -  0.5  Sec/Major  Division 

Input  -  3HZ 

Figure  32.  Channel  Two  Failure  Removal  Characteristic 
Two  Fail  Operate  Mode  -  Negative  Input 
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Two  Fail  Operate  Mode 
Channel  Three  -^Hardover  Positive 
Vertical  ~  .090  Main  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  None  j 


Figure  33. 


Two  Fail  Operate  Mode 
Channe.i.  Three  -^Hardover  Positive 
Vertical  -  .090  Main  Ram  Def/Major  Division 
Horizontal  -  0.5  Sec /Major  Division 
Input  -  3H2  \ 

Channel  Three  Failure  Removal  Characteristic 
Two  Fail  Operate  Mode  -  Positive  Input 


Two  Fail  Operate  Mode 
Channel  Three  -Hardover  Negative 
Vertical  -  .090  Main  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec /Major  Division 
Input  -  None 


Two  Fail  Operate  Mods 
Channel  Three  Hardover  Negative 
Vertical  -  .090  Main  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  3HZ 

Figure  34.  Channel  Three  Failure  Removal  Characteristic 
Two  Fail  Operate  Mode  -  Negative  Input 


Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Two  -  Failed  Hardover  Positive 
Vertical  -  .090"'Main  Ram  Dei/Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  None 


Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Two  -  Failed  Hardover  Positive 
Vertical  -  .080  Main  Ram  Def /Major  Division 
Horizontal  -  0.2  Sec/Major  Division 
Input  -  3  H2 

Figure  35.  Channel  Two  Failure  Removal  Characteristic 
Fail  Operate  Mode  -  Positive  Input 
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Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Two  -  Failed  Hardover  Negative 
Vertical  -  .OOO^Main  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  None 


Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Two  -  Failed  Hardover  Negative 
Vertical  -  .080* Main  Ram  Def /Major  Division 
Horizontal  -  0.2  Sec/Major  Division 
Input  -  3  Hz 

Figure  36.  Channel  Two  Failure  Removal  Characteristic 
Fail  Operate  Mode  -  Negative  Input 
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Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Three  -^Failed  Hardover  Positive 
Vertical  -  .090  ,Main  Ram  Def/Major  Division 
Horizontal  -  0*5  Sec/Major  Division 
Input  -  None 


Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Three  -  Failed  Hardover  Positive 
Vertical  -  . OSO^Main  Ram  Def/Major  Division 
Horizontal  -  0.2  Sec/Major  Division 
Input  -  3  Hz 

Figure  37.  Channel  Three  Failure  Removal  Characteristic 
Fail  Operate  Mode  -  Positive  Input 


Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Three  -^Failed  Hardover  Negative 
Vertical  -  .090  Main  Ram  Def /Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  None 


Fail  Operate  Mode 
Channel  One  -  Failed  Electrically 
Channel  Three  -^Failed  Hardover  Negative 
Vertical  -  .080  Main  Ram  Def /Major  Division 
Horizontal  -  0.2  Sec/Major  Division 
Input  -  3  Hz 

Figure  38.  Channel  Three  Failure  Removal  Characteristic 
Fail  Operate  Mode  -  Negative  Input 
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Fail  Safe  Mode 

Channels  One  &  Two  -  Failed  Electrically 
Channel  Three  -  Failed  Hardover  Positive 
Vertical  -  .180  Main  Ram  Def/Major  Division 
Horizontal  -  0.5  Sec/Major  Division 
Input  -  None 


F  il  Safe  Mode 

Channels  One  &  Two  ~  Failed  Electrically 
Channel  Three  -  Failed  Hardover  Positive 
Vertical  -  .065  Main  Ram  Def/Major  Division 
Horizontal  -  0.2  Sec/Major  Division 
Input  -  3  Hz 

Figure  39.  Channel  Three  Failure  Removal  Characteristic 
Fail  Safe  Mode  -  Positive  Input 
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Fail  Safe  Mode 

Channels  One  &  Two  -  Failed  Electrically 
Channel  Thiee  -  Failed  Hardover  Negative 
Vertical  -  .ISO  Main  Ram  Def/Major  Division 
Horizontal  -  0*5  Sec/Major  Division 
Input  -  None 


Fail  Safe  Mode 

Channels  One  &  Two  -  Failed  Electrically 
Channel  Three  -  Failed  Hardover  Negative 
Vertical  -  *065  Main  Ram  Def/Major  Division 
Horizontal  -  0.2  Sec/Major  Division 
Input  -  3  Hz 

Figure  40.  Channel  Three  Failure  Removal  Characteristic 
Fail  Safe  Mode  -  Negative  Input 
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1.6  Problems  Encountered  During  Test  Evaluation 

During  the  testing  evaluation,  the  model  channel 
would  consistently  overheat,  causing  the  simulator  to 
transfer  to  the  fail  operate  mode  from  the  dual  fail 
operate  mode.  In  order  to  keep  the  -model  channel  con¬ 
sistently  engaged,  the  cover  was  removed  from  the  model 
chassis  and  a  small  cooling  fan  was  used  to  cool  the  unit. 

The  actuator  low  level  (strokes  less  than  +  .050 
inches)  threshold  characteristics  prevented  making  low 
amplitude,  low  frequency  measurements,.  The  dynamic  res¬ 
ponse  below  1  cycle  and  .05”  deflection  was  erratic  to 
the  point  that  dynamic  measurements  were  prevented. 

1.7  Conclusions 

As  stated  in  the  AFFDL-TR-69-9  (Report  on  the  Devel¬ 
opment  of  the  Sperry  System)  the  experimental  laboratory 
model  was  designed  to  demonstrate  the  feasibility  of  the 
particular  redundant  system  mechanization.  As  a  demon¬ 
strator,  the  unit  operated  satisfactorily  with  few  prob¬ 
lems  . 

The  surface  deviations  with  injected  failures  varied 
with  the  redundancy  operating  mode.  In  the  two  fail  operate 
mode,  the  maximum  deviation  was  3.257>.  In  the  fail  operate 
mode,  the  maximum  deviation  was  6%.  In  the  fail  safe  mode 
the  maximum  deviation  was  18.57,. 

The  apparent  actuator  dynamic  threshold  for  linear 
operation  appeared  to  be  significant  enough  (approximately 
2.87o)  to  require  improvement  if  the  performance  potential 
of  the  particular  fly-by-wire  mechanization  is  to  be  rea¬ 
lized.  This  high  dynamic  threshold  (probably  caused  by 
seal  friction  in  the  servoram  linkage)  would  prevent  low 
level  dynamic  control  signals  from  being  faithfully  re¬ 
produced  at  the  actuator  output. 

The  preflight  checkout  sequence  operated  satisfac¬ 
torily;  however,  the  sequence  of  test  failures  was  not  com¬ 
plete  enough  to  more  than  nominally  check  the  operating 
conditions  of  the  unit,  and  would  require  expansion  for 
an  actual  flight  unit. 
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The  degradation  of  servoram  response  with  injected 
failures  was  somewhat  greater  than  anticipated  for  the 
force  sharing  type  of  mechanization  used.  The  extent 
of  the  degradation  was  probably  greatly  influenced  by 
the  friction  and  seal  loading  of  the  servoram  and  al¬ 
though  it  probably  could  have  been  improved,  it  does 
point  out  that  area  as  a  critical  design  point  of  the  mech¬ 
anization. 

The  general  response  measurements  documented  reflec¬ 
ted  results  similar  but  not  identical  with  those  run  by 
Sperry  during  the  development  testing.  Slightly  more  per¬ 
formance  degradation  than  that  measured  by  Sperry  was  en¬ 
countered  in  the  fail  safe  mode  and  channel  select  modes 
of  operation.  This  probably  indicated  a  slight  change 
in  the  operating  condition  of  the  simulator  between  the 
two  periods. 

1.8  Recommendations 

If  the  Sperry  system  were  to  be  used  in  flight  appli¬ 
cation,  the  electronics  would  require  some  modification  in 
order  to  pass  the  high  environmental  thermal  requirements 
in  aircraft. 

Since  in  normal  operation,  the  electronic  system 
would  be  run  using  three  different  phases  of  electrical 
power,  the  system  should  be  evaluated  with  this  operating 
condition.  Because  the  unit  is  designed  to  operate  on 
three  phase  electrical  power  and  can  be  incorrectly  con¬ 
nected  to  the  electrical  power,  it  would  appear  worthwhile 
incorporating  into  the  demonstrator  circuitry  to  protect 
the  electronics  from  the  100%  overvoltage  conditions  pos¬ 
sible  with  incorrect  connection  to  a  three  phase  electri¬ 
cal  source. 

In  view  of  the  use  of  the  simulator  as  a  laboratory 
model,  the  electronics  were  not  particularly  accessible. 
Although  the  packaging  would  have  good  application  in  pro¬ 
duction  hardware,  the  accessibility  of  the  electronics 
did  not  lend  itself  to  convenient  test  measurement  and/or 
trouble  shooting.  For  future  testing,  convenient  test 
points  should  be  permanently  incorporated  into  the  simulator. 

Because  of  the  apparent  effects  of  seal  friction 
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(high  dynamic  threshold  and  change  of  main  ram  response 
with  change  in  failure  mode),  it  is  recommended  that  the 
servoram  seal  friction  be  reduced.  This  could  be  accom¬ 
plished  either  by  a  seal  type  change  to  a  lower  friction 
seal  (Bal  seal)  or  equivalent,  or  carrying  out  mechanical 
redesign  of  the  mechanization  to  improve  the  "drive  area" 
to  "seal  force"  relationship. 


2.  VICKERS  MOTORPUMP  EVALUATION 

2.1  Introduction 

The  Vickers  Motorpump  was  submitted  for  evaluation  as 
a  potential  back  up  hydraulic  power  source  for  use  in  cri¬ 
tical  or  sensitive  portions  of  an  aircraft  flight  control 
system.  The  device  would  be  mounted  internally  within  the 
airframe  and  automatically  actuated  or  connected  to  a  pre¬ 
selected  portion  of  the  aircraft  hydraulic  system  upon 
failure  of  the  on  board  hydraulic  sources.  The  motorpump 
would  provide  short  term,  emergency,  hydraulic  power  and 
limited  handling  characteristics  to  enable  the  pilot  to 
maneuver  the  aircraft  to  a  safe  area. 

Fig.  41  is  an  illustration  of  the  Vickers  Model 
MPEV3-044-2  motorpump  submitted  for  evaluation. 

2.2  Device  Description 

The  Vickers  Motorpump  is  a  variable  displacement  in¬ 
line  piston  pump  positioned  coaxially  on  a  common  driven 
shaft  with  a  single  stage  centrifugal  boost  pump  as  illus¬ 
trated  in  a  typical  design  shown  in  Fig.  42. 

The  pumps  are  driven  by  a  totally  enclosed  10.0  HP, 

3  0.  400  Hz  air  cooled  induction  motor  which  is  equipped 
with  an  external  fan  and  finned  case.  The  centrifugal 
boost  pump  draws  hydraulic  fluid  from  the  reservoir  and 
increases  the  oil  pressure  sufficiently  to  prevent  cavi¬ 
tation  of  the  piston  pump  at  low  fluid  temperatures. 

The  flow  from  the  piston  pump  is  proportional  to  the 
yoke  angle.  The  yoke  is  positioned  by  an  actuator  piston 
which  is  alternately  connected  to  output  pressure  or  case 
drain  as  determined  by  the  valve  action  of  a  spring  loaded 
pressure  compensator  piston  as  shown  in  Fig.  43. 

The  movement  of  the  actuator  piston  is  mechanically 
coupled  to  the  yoke  such  that  the  delivery  volume  is  inversely 
related  to  the  developed  pressure  within  the  normal  control¬ 
lable  range  (less  than  maximum  displacement)  of  the  variable 
displacement  pump. 
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Figure  42.  Typical  Motorpump  Design 
(Vickers  Mouel  MPEV3-044-2) 
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2.3  Test  Description 

There  is  a  vast  number  of  airframes  and  related  hy¬ 
draulic  circuits  to  which  the  Vickers  Motorpump  could  be 
adapted.  Theiefore,  it  was  necessary  to  establish  a  limited 
general  test  program  to  evaluate  the  innate  hydraulic,  elec¬ 
trical,  and  mechanical  characteristics  of  the  device  rather 
than  the  application  of  the  Vickers  Motorpump  package  to  a 
specific  user  requirement. 

The  following  series  of  tests  were  selected  by  analy¬ 
sis  of  possible  failure  modes  and  method  of  application  of 
the  device: 

2.3.1  Determine  the  pressure-flow  (P-Q)  capa¬ 
bilities  of  the  motorpump  package  under 
nominal  specified  power  input  conditions. 

2.3.2  Determine  the  tolerance  of  the  device  td 
reduced  input  voltage  conditions  r.t  vari¬ 
ous  flow  rates. 

2.3.3  Determine  the  temperature  rise  charac¬ 
teristics  of  the  Vickers  Motorpump  unit 
at  various  hydraulic  power  output  levels. 

2.3.4  Determine  the  start  up  characteristics 
of  the  motorpump  combination  at  various 
flow  rates  and  power  input  conditions. 

2.3.5  Determine  the  operating  characteristics 
of  the  motorpump  combination,  connected 
to  an  aerodynamical ly  loaded  (simulated) 
hydraulic  actuator. 

The  test  stand  shown  in  Fig.  44  was  assembled  to  ob¬ 
tain  empirical  data  from  the  Vickers  Motorpump  assembly. 

The  motorpump  receives  hydraulic  fluid  from  a  one  gallon 
sealed  reservoir.  The  reservoir  was  pressurized  to  prevent 
foaming  and  cavitation  of  the  pumps  due  to  test  stand  flow 
restrictions.  During  tests  2,3<1  through  2.3.4  the  pressur¬ 
ized  fluid  from  the  pump  was  throttled  through  a  bypass 
valve  to  reservoir  return.  The  fluid  was  directed  to  the 
F-4  stabilator  actuator  during  test  2.3.5  and  the  bypass 
valve  was  closed. 
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The  electrical  input  to  the  motor  was  monitored. 

Applied  voltage,  current  and  power  consumption  data  was 
recorded.  System  pressures  were  monitored  visually  at 
several  points  with  pressure  gauges  an J  a  pressure  trans¬ 
ducer  was  installed  to  record  system  pressure  changes  with 
an  oscilloscope  camera. 

An  auxiliary  hydraulic  source  equipped  with  a  lc.;ge 
reservoir  and  oil  coolers  was  connected  to  the  test  stt  d 
hydraulic  system  to  provide  recirculating  cooling  to  rapid¬ 
ly  reduce  the  high  system  temperatures  that  were  developed 
during  test  stand  operation.  The  cooling  flow  was  obtained 
from  across  a  low  pressure  drop  orifice  which  developed  a 
differential  pressure  of  35  psi  at  full  flow  from  the  auxil¬ 
iary  hydraulic,  source.  Between  tests  flow  through  the 
motorpump  was  intermit tan tly  cycled  between  the  reservoir 
and  the  auxiliary  system  to  remove  the  heat  generated  by 
prolonged  evaluation  testing. 

The  (simulated)  aerodynamical ly  loaded  actuator  por¬ 
tion  of  the  test  stand  is  shown  in  Fig,  45.  This  mechani¬ 
zation  utilized  two  F-4  stabilator  dual  tandem  servoactua- 
tors.  The  control  valve  was  removed  from  one  unit  and  the 
hydraulic  cylinder  portion  of  the  actuator  was  fitted  with 
a  manifold  plate.  Each  side  of  the  ram  end  of  the  actuator 
was  connected  to  a  15  gallon  depressurized  accumulator. 

The  accumulator,  actuator,  cylinder,  and  connecting  lines 
were  then  filled  with  hydraulic  fluid  and  pressurized  several 
times  to  remove  the  entrained  air.  The  actuator  was  then 
centered  and  the  interconnecting  valves  were  closed.  The 
liquid  spring  thus  created  utilized  the  compressibility  of 
the  hydraulic  fluid  to  generate  a  linearly  increasing  simu¬ 
lated  aerodynamic  load  of  18,000  pounds  at  full  stroke  of 
three  inches  in  either  direction  from  the  center  position. 

The  other  F-4  actuator  was  connected  to  the  Vickers 
Motorpump  assembly.  The  actuator  was  joined  to  the  liquid 
spring  with  a  slide  block  which  rode  cylindrical  ways  at¬ 
tached  to  a  very  rigid  base  support.  The  other  ends  of 
the  actuators  were  restrained  in  clevis  block  that  were 
rigidly  attached  to  the  base  support. 

Inputs  to  the  Vickers  Motorpump  powered  F-4  stabilator 
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Figure  45.  Loaded  Actuator  Motorpump  Test  Setup 


actuator  were  generated  by  a  Hydraulic  Research  and  Manu¬ 
facturing  Company  integrated  package  Polaris  actuator  iden¬ 
tical  to  the  unit  evaluated  a/ici  reported  in  another  section 
of  this  report.  This  actuator  was  utilized  because  of  its 
small  size  and  greater  slewing  capability  than  the  F-4  sta- 
bilator  actuator. 

The  Polaris  actuator  was  attached  to  a  riser  block 
from  the  slide  that  connected  the  F-4  actuator  to  the  liquid 
spring.  A  closed  loop  position  servomechanism  was  thus 
formed  because  the  Polaris  actuator  position  inputs  were  ef¬ 
fectively  cancelled  by  movement  of  the  Polaris  actuator  body 
relative  to  the  F-4  actuator. 

A  spring  preloaded.,  overstroke  cartridge  was  connected 
between  the  Polaris  actuator  output  and  the  differential 
output  linkage  of  the  F-4  stab  viator  actuator  to  prevent 
damage  to  either  mechanism  in  the  event  the  coupled  dynamic 
response  of  the  actuators  became  sufficiently  out  of  phase 
to  cause  the  F-4  stabilator  actuator  differential  input 
linkage  to  reach  the  limit  stops. 

2.3.1  Nominal  Pressure  -  Flow  Characteristics 

The  Vickers  Motorpump  assembly  was  mounted  in  the 
test  stand  and  connected  to  the  hydraulic  and  electric 
power  sources  as  shown  in  Fig.  46.  The  unit  was  operated 
under  full  bypass  flow  conditions  (zero  indicated  pressure) 
and  the  line  voltage  was  adjusted  to  208  volts,  leg  to  neu¬ 
tral  on  each  phase. 

The  bypass  valve  was  progressively  closed  to  throttle 
the  flow  in  one  gallon  increments  from  10  GPM  to  1  GPM  and 
the  developed  line  pressure  was  noted  at  each  increment. 

The  initial  test  was  performed  at  100°F  oil  temperatures 
and  repeated  at  250°F  oil  temperatures. 

2.3.2  Reduced  Input  Voltage  Tolerance 

The  Vickers  Motorpump  was  operated  in  one  gallon  incre¬ 
mental  flow  rates  from  zero  to  10  GPM.  The  input  voltage 
was  gradually  reduced  and  the  flow  rate  was  maintained  at  a 
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Figure  46.  Vickers  Motorpump  Test  Stand  Pictorial 


constant  value  by  readjusting  the  bypass  valve.  Detrimental 
effects  such  as  pressure  instability,  motor  stall  or  exces¬ 
sive  motor  heating  were  recorded. 

2.3.3  Temperature  Rise  Characteristics 

The  Vickers  Motorpump  assembly  was  operated  at  nominal 
input  power  requirements.  The  temperature  rise,  time  his¬ 
tory  of  the  pump  inlet,  pump  outlet  and  reservoir  were  re¬ 
corded  at  one  minute  intervals  for  each  one  gallon  change 
in  flow  rate  from  zero  to  10  GPM.  The  pressure  head  was 
allowed  to  vary  in  accordance  with  the  nominal  pressure- 
flow  relationship.  The  test  was  halted  when  any  one  of  the 
three  temperature  observation  points  exceeded  280°F. 

2.3.4  Start-Up  Characteristics 

The  Vickers  Motorpump  assembly  was  operated  in  one 
gallon  incremental  flow  rates  from  zero  to  10  GPM.  The 
operating  point  on  the  P-Q  curve  was  established  under  nom¬ 
inal  input  voltage  conditions  and  the  motorpump  was  stopped 
and  restarted.  The  time  interval  required  for  the  devel¬ 
oped  pressure  to  reach  a  maximum  level  and  any  associated 
pressure  transients  were  recorded  by  photographing  the  os¬ 
cilloscope  trace  of  the  pressure  transducer  output. 

The  input  voltage  was  then  progressively  reduced  in 
ter.  volt  steps  and  the  output  flow  was  maintained  at  the 
maximum  regulated  rate  of  8  GPM.  The  Vickers  Motorpump 
was  stopped  and  restarted  at  each  increment  of  applied  vol¬ 
tage  and  a  photograph  of  the  resulting  pressure  rise  wave¬ 
form  was  obtained. 

The  oscilloscope  was  set  for  triggered  sweep  and  a 
trigger  pulse  was  obtained  from  a  capacitive  coupling  to 
one  of  the  motor  terminals  downstream  from  the  solenoid 
operated  disconnect  switch.  Therefore,  the  scope  sweep 
started  when  the  first  positive  cycle  of  line  current  was 
applied  to  the  motor. 

2.3.5  Loaded  Actuator  Performance  Characteristics 


The  Vickers  Motorpump  assembly  was  connected  to  the 
driving  F-4  stabilator  actuator  and  the  bypass  valve  was 
closed.  The  Polaris  actuator  was  driven  at  a  0.5  ,HZ  rate 
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from  a  square  wave  generator.  The  frequency  of  the  input 
signal  to  the  actuator  was  selected  as  representative  of 
the  average  rate  of  hardover  inputs  that  a  pilot  could 
generate  at  the  control  stick  if  he  is  working  against  the 
"Q"  spring  load.  The  amplitude  of  the  input  signal  was 
adjusted  to  cause  the  F-4  stabilator  actuator  to  follow 
the  Polaris  input  with  a  stroke  of  +  1,  +  2,  +  2-1/4  inches, 
as  measured  at  the  slide  that  connects  the  actuator  to  the 
liquid  spring.  The  stroke  was  limited  to  +  2-1/4  inch  by 
the  selected  cycle  rate  of  0.5  Hz  and  the  limited  flow  from 
the  mo tor pump „ 

Temperature  time  history  of  the  Vickers  pump  inlet, 
pump  outlet  and  the  reservoir  were  recorded  in  one  minute 
intervals  until  any  one  of  the  temperatures  measured  ex¬ 
ceeded  250°F. 

2.4  Test  Results 

This  section  of  the  report  delineates  the  results  of 
the  five  test  series  that  were  performed  oh  the  Vickers 
Motorpump  Assembly. 

2.4.1  Pressure  Flow  Characteristics 


Fig.  47  is  a  graph  of  the  pressure  flow  characteris¬ 
tics  of  the  Vickers  Motorpump  assembly  under  nominal  opera¬ 
ting  conditions.  The  pressure  compensation  within  the  as¬ 
sembly  is  capable  of  maintaining  the  delivery  pressure  with 
moderate  droop  until  the  demand  flow  rate  exceeds  8  GPM  at 
2600  psi.  Maximum  pump  displacement  is  achieved  and  any 
further  increase  in  flow  demand  results  in  a  rapid  drop  in 
developed  pressure  accompanied  by  a  slight  increase  in  flow 
due  to  reduced  leakage  and  improved  volumetric  efficiency. 

The  change  in  the  operating  curve  of  the  motorpump 
at  elevated  temperatures  may  be  attributed  to  an  increase 
in  the  clearances  in  ./the  various  leakage  paths  and  a  de¬ 
crease  in  fluid  viscosity. 

2.4 .  Reduced  Input  Voltage  Tolerance 

The  electric  motor  driving  the  Vickers  Pumps  demon¬ 
strates  exceptional  tolerance  to  reduced  input  voltage 
conditions  that  occur  after  the  motor  is  started  at  nominal 
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Figure  47.  Pressure-Flow  Characteristics  -  Nominal 
Input 


«HX 


input  conditions.  Fig.  48  shows  that  the  motor  will  toler¬ 
ate  as  much  as  a  237.  drop  in  applied  voltage  at  the  maxi¬ 
mum  hydraulic  power  output  point  on  the  operating  curve  with 
less  than  a  107.  change  in  the  developed  pressure.  Fig.  49 
and  50  show  that  an  even  greater  tolerance  can  be  expected 
at  the  operating  points  of  2  GPM  at  3000  psi  and  10  GPM 
at  1700  psi.  The  electrical  power  requirement  at  2  and  10 
GPM  is  proportionally  lower  than  the  degraded  electric 
motor  capability  with  reduced  input  voltage. 

2.4.3  Temperature  Rise  Characteristics 

Fig.  51  through  56  represent  the  temperature- time 
characteristic  of  the  pump  outlet,  reservoir  and  pump  inlet 
at  flow  rates  of  0,  2.0,  4.0,  6.0,  8.0,  and  10.0  GPM  res¬ 
pectfully.  The  curves  show  that  the  developed  temperature 
after  a  given  interval  of  time  is  directly  related  to  the 
hydraulic  power  output. 

Fig.  51  illustrates  an  unusual  condition  in  which  the 
pump  inlet  temperature  exceeds  the  pump  outlet .  This  is  the 
result  of  continuous  agitation  by  the  first  stage  centrifugal 
pump  impeller  of  the  fixed  quantity  of  fluid  entrapped  within 
the  centrifugal  pump  housing  under  no  flow  conditions.  There 
is  a  small  (less  than  one  quart/minute)  flow  of  hydraulic 
fluid  through  the  intermediate  seal  between  the  pumps  to 
reservoir  return.  This,  flow  lubricates  and  cools  the  bear¬ 
ings  that  support  the  common  pump  shaft  and  causes  the  oil 
temperature  of  the  reservoir  and  pump  outlet  to  rise  slowly 
above  ambient  conditions. 

Fig.  51  through  55  show  that  as  the  hydraulic  power 
output  increases,  the  time  to  achieve  a  limit  temperature 
of  280°F  decreases  from  33  minutes  at  0  GPM  to  6  minutes  at 
8  GPM.  Beyond  the  8  GPM  point  bn  the  operating  curve,  the 
hydraulic  power  output  decreases  very  rapidly  with  increas¬ 
ing  flow.  Fig.  56  shows  that  the  hydraulic  power  output 
at  10  GPM  is  not  sufficient  to  cause  the  system  to  achieve 
a  limit  temperature  within  a  reasonable  time  period  in  con¬ 
sideration  of  the  intended  usage  of  the  Vickers  Motorpump 
assembly0 

2.4.4  Start-Up  Characteristics 

Fig.  57  through  59  show  the  pressure-time  start-up 


68 


■  mu  W 

JSSS1S  252S2  51 


■  ■■■■■■■■■i 


■■■a ■■■■■■■■■■ BBS* 
•>■■ ■■■■■(■■■■ mbi 
■■■■■■■■■■■■■■■■■ 

::::::::::::::::: 


!hh»M 

■  ibb  BBaiiiiiiflil 
MBIBBUlillBmi 


■  BBB  BBBBBBBBBBBIBB  BBBBB  BBBBI >1 
IHIWU  BBBBB  BBBBB  BIIBIMMI  Bl 

K^MBB  BBBBB  BBBBB 

III  ■  M  ■  BBBH 


B  BBBBB 
I BBBBB  BIB 
■Hbbbbbbbbb 
BBB B  BBBBB  BBB 
miMMIBM| 


BIBB BBBBB IBB  BBIII 
BIBB  BIBIIBBI  BMBlVnnr 
BBBB  BBBBB  BBB  B  BBBBB BBBBB 

liS8iiiii£:::a!K:8 


BBBBB  HBVBHt 

Hi:::::::::: 
;;r 

MMBBtl 

ibbbM 
bbbbbIMN 

_ ■NHubihbbb 

aim  ■■■•kiBiain 
■■BBB  BBBB BBBBB BBB 
MBBB  BBBBdQBHB SBi 


•BBBB  BBBBB  BBBBB  Bit 

*»::u:::::s:h! 

!ns::u:suy 

UIIMMIMI  B  Bl 


■■■■■■■■  B  BBBBB  Bl 


inmmnuiNtiBiBinniiBnniii 
B  BBBBB  BBBBB MIBB BBBBB  BBBBB BBBBB BBBB! 
B  BBBBB  BBBBB  BBBBB BBBBB  BBBBB BBBBB  BBBB  I 


BBBBB Bl  BBBB BBBB  BBBBB BBBBB BBBBB BBBBB BBBBB BIB  B 
BBBBB ■BBBB  BBBBB BBBBB  BBBBB IB BBB BBBBI BBBBB BBB  B 
BBBBB Bl IBB BBBBB IBBBI BBBBB BBBBB BBBBB BBBBB MBlfr 

. . . . 

B  SB  a  IB  S  B  B  B  B*  B  BBB  £  BB 

■  BBB  BBBBB IBB  BB IVBI1 


BBBB  BBBBB  BBBBB  t  BBBB  BBBBB 

■MMIMI  BBB  a  BBBB  B«B  BBBB  BBB  BBBBB  BBBB  BBBBB  BBBBB  B  TBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB] 
I  iiiiili 111 BBBBB BBBB BBBB BBBB BBB BBBBB  BBBB BBBBB BBBBB BVBBB B BBBB BBBBB fBBBB BjBBB BBBgf |ligg  I 

B  BBB  BBBBB  tBBB«MMMMMMMUA«UUBUU§UMai| 

BBBB BBBBB BBBB 

IB  S  B  0  a 

BBBB  IBI  BB  ■  ■■•UB.UBMI»n«UMB*B  BIBBI  • 
MMMMMMMgb&BB  BBBB  BBB  BBBBB  IBB  SB  BBB  d 

BBBB BBBBB BBBBB BBBB  IBIBIIII 
BBBB IBBBI BBBBI BIBBI  IBRVBBB 
(■latgiiissttiissiHiuiii 
BBBB  B91BBBBBBI  «  B  MBV  B  B  S  B 

Bill BBBBI IBB IB BBBBB I BBBB  M 

*  13  e*  a  m  3  ■  -i  “  -1  ■-  '.i  -v  ■ -  i:  >■>  *  »  u  ;;  «  e»  ^  a  <v  BBBB  BB  BBBBBSSBBBBBB  Bt.'BBB  BBI 

I  BBBBB BBBBB BBBBB* BBCB BIBB  III BBBB BBSS  BBBB BBBB B BBBBB BBBBB BBBBB BBI 
tegg®SS*B®®  »■•*»■■■■■■■■■  BBBBB  BBBB  BBB  BB  BBBBB  BBBBB  BBI  BB  BBI 

BBBB  BBBBI  BIBBI  IBIBB  |U|BiAAI|AiA|BBAi|IBBUUAJ 

BBBB BBBBB BBBBB BBBBB 


| BBBBB BBBBB  BBBBB 

I BBBBB BBBBI BBBBB 
I BBBBB BBBBI BBBBB 
I BBBBB  BBBBB  BBBBB 
I BBBBB BBBBB  BBBB* 
I BBBBB  BBBBB  BBBBB 
I BBBBB BBBBB BBBBB 
■  BBBBBMMI BBBB# 
I BBBBB BBBBB BBBBB 
I BBBBB BBBBB  BBBBB 
I BBBBB  BBBBB  BBBBB 
I BBBBB BBBBB BBBBB 
I BBBBB  BBBBI BBBBB 
I BBBBB  BBBBB  BBBBB 


BBBBB  BBBBB  BBBB  BBBBB  BIB  >llMi 
USB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBI 
BBSS SSBBBIISBB BBBBB ••aS.SBBBB 

. . B|u|i|| 

BBBB  BBBBB BBBBB BBBBB  BBBB BBBBB BBS B • BBBBB B BBI 
H|M||||||||IBIUM|hb  BBBBB  BBBBB  BBBBB  BBBI 
ABBBBB BTfBB BBBBB BBBBB BBBBB ■■■ 

■■HI  fl  BBB  BBBBB  IBBBBBBBBI  ■■■! 

•  tiiMiiitvtiiiiiaaiiai 


■  BBBB  BBBBB 
B  RIIBIBBBB 

■  iiiiibiiiMMM 
■BBS BBBBB I BBBB  BBBBB 

IB  BB  BBIIBBIBBBBBIBBBB 

RMHMHIIII  BBBB  BBBBB  BBBBB  BBBBB 
[•BBBB BBBBB BBBBB  BBBB BBBBB BBBBB •■■■■ 
BBBBB BBBBB BBBBB  BBBB BBBBB BBBBB BBBBB 
I  BIBB ■ BIBBI BBBBI  BBBB BBBBB BBBBB BBBBB 
1  BBBBB BBBBB BBB BBBVBBBBBBBB BBBBB BBBBB 
miBBtHtami  ■#■■  •■■■■  bbbbb bbbbb 
BBBB  BBBBB  BBBBB  BBBBB 
limiBBBSBIBBBlIBB 

BSMBBBBBIBBBBBIBBB 

BMIBBiniBIBB  BBBBB  I 

BBBBBIBBIBBIBBIIIBI: 
BBBB ■■■■■■■■■■•■■■■ 


■BBB BBBBB BBBBB BBBBB 
■BBB BBBBB BBBBB BBBBB' 
■  BBB  BBBBB  BBBBB  BBBBB  I 

■ait  •iiibhiibi  Man  1 

IBBBBBBBBBBBBI BBBBI 
BBBB  BSatlUMI  BBBBB 
BBBB  BSSBrUBBa  BBBBB 
HUmBlilBBI  BBBBB 


BBBBv’  >BBBBl 


BBBB.*  1BBBB 

ini.-  rnu 


U^rt8piwr»* 

IS  BB  BBBBB 

■ImiMMlIIIIV 

|  BBBBB  BBBBB  BBBBB  Bl 


WBBltBBBBWmiBBW— > 
BBtBBB  BBBBB  BBBBB  BBBBB  BBBBB 
BBBBB BBBBB BBBBB BBBBB BBBBB 
BBBBB  BBBBB  BBBBB  I  BBBB  IMH 


wtwifitittfWfitwittwmtBiBB 

■  ■■■■■■■■■■■IB  BBBBB  ■■■■■  BBBBB  ■■ari 


Ibb  ■■■■■  bi 
■IBBBBBBBBI 
BBBB  BB  BBBBI 
ihiibibbii 


•BBBB  BBBBB  BBBBBBBBBI  BBBB  BBI 


■  BBBBBBBBBBBII BIB IB  BBBBB ■■■■■BIIBB  BBBBB  BBBBB  BBBB ■■■■■■ BBBBB  BBBBB ■■■■■ BBI 

■  ■■■■■■■■■■■■  B  ■■■■■■■■■■  BBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  if  BBBBMBBBBBBBBBI 
BBBB BBBBB BBBB « BBBBB BBBBB BBBBBBBBBI BBBBBBBBBI BBBBB BBBBB BBBBBBraBgBBBflBBB 
■MMBMMMMMaMMMaMMaMMaAMBBB  BBBBB  BBBBB  BBBBB  ■■■■■BBBBB  BIVBHB 


■■■■BBBBBBBBBI  BBBBB  BBBI 


IB  BBBBB BBBBB BBBBB • 


BBB BBBBB BBBBB BBBBB ■ 


■  BBB  BBBBB  BBB— BBBB  BBBBB  BBBBB  BBBBB  BBBBB 


— HUbBbbbbbbbbbbb 
Ml BBBBB BBBBB BIBBBBBB 
(BBI BBBBB BBB W BIBBBBBB 
BBB BBBBB  BBBBB  BIBBBBBB 


■ BBBBB BBBBB BBB M 
B  BBBBB  BBBBB  BBBBI 

B  BBBBB  BBBBB  BBBBB 
BB  BBBBB  BBBBB  BBBBB  HM| 


IB  BBBBB  ISiaa  BBBBB  BBBBB 
■BBBBB BBBBB BBBBB BBBBB 
IB BBBBB ■■■■■ B9BB*|||yy 
ifiiuamiBBBtJ 


■  BBB  BBBBB ■■■  ■ BBBBB BBBBB BBBBB  BBBBB •»'■» Bl 

hukss:h:u:^su^hsskkku^ 

BBBBB  BBBBB  BBB  ■  BBBBB  BHHHHHHHMMH 
BBBB  BBBBB BBB  ■«■■■■■! 

BBBI BIIBB BBI  ■■■■■■«! 

■  ■■■'«■■■■■■■  ■■■■■■•! 

■  BBB  BIBBBBBB  BBBBBBBI 
■BBBBBBBBBBB  ■■■■■■■! 

BBBBB  BBBBB  ■■■■BBBBBBBI 

■  ■■■■■■■■■■■  B  BBBBB  Bl 


■■■■■BBBBI 


fPtnm 


IBWBB  BBI 

IBilBiBBBBBBI 


!BBB BBBBB  BBBBB  BBBBB BBS  a  BBBBB  BBBBB  BBBBB  BBBBI 
IBBB  ■■■■■■BBBB  BBBBBBBBBI  BBBBB  BBBBB  MBBBMBBI 
MB  ■■■■■«!■■■  BBBBB  BBBBB  ■■■■■■■■!■  ■■■■■■•■■ 
■■■■■ MBM  BBBBBBBBBB  BIBBI BIBBI BBBBI IBBBI 
iiiiMHiiaBBiiBii  ■■■■■■bmbbbbjbmbbbbi 


IBBB IBBlfBBBBB BIBBI BBBB ■■■■■■■■■■  I 


IBIBIlIBBIIimiBB 

MHAAM  ■■  i  1  ■  1  ■  ■  ■ 

■BB  BBBBB  BBB 

■■■Ml  ■ 

IBB  BBBBB  BBBBB  BBBBB  BBB 
■■iBB  BBBBBBBBBI BBBBB ■■■ 

■■■iBiaiiniBiMBiNiii 

■BBBB  BBBBB BBBBB BBBBB BBBI 


■  BBB  BBB II BBS  I 
B*  BBBBB  BBBBB  I 
■BBBBBBBBBBB 


■ ■■■■■■■■■■ BBBB 
■ BBBBB IBBBI BBBB 
BBBBBBBBBBB BBBB 
S  BBBBB  MIBB  BBBB 
•■BBBB BBBBI BBBB 
B  BBBBB  BBBBB  BBBB 
■  BBBBB  BBBBB BBBB 
B  BBBBB  BIBBNBBB 


KERBS 


I  BBBBB BBBBB BBI 
I  BBBBB  BBBBB  BBI 


IBBBSBBt 

IBBBBBBI 


|BL*B 


BBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBB4.  <■■■■■■■■••■■••»■■»■■■■  ■ 

■  ■■■  BBIMBtlBBilBIBBIIIIIIIHk'lll  I II  ■  •  ■  I  ■  ■  ■  ■  ■■  IB  B  B I  llimilBBIIIIIUM 

■  ■■■  ■■HiBBlia  a  BBBI  BBBBB  BBBBB  BB^IB  ■■■■IBB  BBI  (■■■I  IBB  IBBIIBmmtlllBaalMMHM 
-BBBB  ■■■■•■■■•!  BBBB  ■  BBBBB  IBBBI  BIB  ‘'B  ■■■■■  BIB  IB  BBBBB  MB  I  BBBBB  BBBBB  MIBB  BBBBI  MBBUBBBI  ■■ 

BBBI  BBBBB  BBBBI  BBIIIIIHBIIIIB  IBBB'BIIBB  IBBBI  BBBBB  MB  JLMBBB  BBBBB  BBBBSlIBBBB  BBBBBBBBBB  BBBB 
BBBB  ■  BBBB  BBBBB  BBBBB  BtBn  BBBBBBBBBB  ■»■■■■■■■■■■■■■■■■■  BBBJMB  BBBBB  BBBBB  BBBBB  ■■■■■■■■■■  BBBB 

■  ■■■■■■■■  BBBBB  BMBBBBfiBfl  BBBBB  BBBBB  »'■■■■■■■■  BBBBB  ■■■■fiiiB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  MSB 

■  BBB  BBBBB  BBBBB  BBBBBBBBBt  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  jBBBBMBBBBBiBBBBBBBBBBBBBBBBBBBiBfMfMgM 
BHHmM  IBM!  BBBBI  BBBBI  BBBBB  IBM!  II* ^B  IBM!  IBIBB IMBB  MMB ■■■■■  IliBB BBBIB BIBBIHBBB MBI  BBBBB  BBBBB 

^^MUMM|M|||||||||||MBlilBIBBIIIt*  ■■■■■■■■■■■■■■■■■■■■■■■■■•■■■■■■BBB  lIBBBtMia 


^^■■MBimBtsMinBi  mmiiiimiiHMHMM 

BBBB  ■■■■■  BBBBB  MiBBgglBfllBjgglggg  ■■§■■■■■■■  BBBfgMB 


MMIIVlinillllMIIIIIMIMMMMMIliBBIBBBmBBBBIIBIBIBBIMnillBIH  BBBBB  BBflMI 
•BBBIIBIB BBBBB BBBBB I ■ IBB ■■■■■■■ BIB IBIBB BBBBB ■■■■■■■■  ■ IBIBB BBBIBBB ■■■ BBBB ■ MBil ■■■■■ Bill  ■■■■■ BBBBB 

■  III BBBBB  BBBBB ■■■ BB  BBBBB  BBIBIIflBBI BBIBB IBBBI ■■■■BBBB  I MBBBBBBSl BBBBBBBBBB BBBBBBBBBB IBBB  BBBBB  BBBBB 

■  ■■■•■■■■BBBBB • BBBI BB BBI ■ I Ml BBBBB IBIBB BBkBI ■■■■■BBBBI BBBBB BBBBBBBBBB MBIB BBBBBBBBBB BBBB  ■■■■■■■■■■ 

■  BBB  BBBBBBBBBB  BBBBB ■■•■■ BBBBB BBBBB BBBBB  M BBBBBBBBBBB  B BBBBBBBBBB  BBBBB BBBBB BBBBBBBBBB  BBBB  IBBBI BBBBB 
■BBB  BBBBB  BBBBB  BBBBB  BBBBB  MBBBBBBBB  BBBBBBBBBW  BBBBBBBBBB  BBBBB  MBBB  BBBBB  MBBB  BBBBBBBBBB  BBBBR— —MM 
BBBI  IMMgBBBBBBBBBBBBBBIBBBBBBBBBBBBBllBBaB^BBBBMBlIBBBBMBBBIBBBBBBBBBBBBBBBBBBBBBBB 


BBB  S  ■!■■■  BBBBB  BMBI  IBBB  ■■■■■■  BBBBB  !■■■■!■■■  ■  IB. 'BBBBB  •  MBBB  BBBBB  IBIBB  BBBBB  BBBBB  BBBBB  ■•:*! 
IIIIIBUI  MBBB  ■■■■■  BBBBB  IBIBB  IBBBI  IBBBI  ■■■BBBBB  '.IBBB  ■  BMBB IBBBB  BBBBBBBBBB  BBBBBBBBBB  ■  ■>  *M 
IBBB  IBBBI BIBBS •■•■■!■■ ■••■■■■ ■■•■■■■■■■■■BBBBBBBBBBB  ■ BBBBBBBBBB  BBBBBBBBBB  BBBBB BBBB; BV  •»■■ Bl 

■  ■■■a  BIB  ■  MBBB  ■  B  ■■■•  BBBB^BB  ■■  ■■■■■■■■■■■■■••  BBBBB  ■■■•MyMMMaMBMMBBMMaBMBMMBM  Bl 
■•■■■■■»■■■•■••■■■■■■■■■  bbbbb  BBIBB  •■■■■■■■■■■  ■■■■■■■  IMMMMMMMMMMMMMM 

■  BBS  BBBBB  BBBBB  BBBBB  BBBBI  !■■■■■■■■■  IBBBt  BB  ■■■  ■■■■!■•■■  BBBBB  MIBB  BgiaaBBBiB  MBM  BB 

■  BBB  BBBBBBBBBB  MBBB  BBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBBB  ■>  ■■■■■■■  BMBB  BBgfB  BBBBBBBI 


■BBB  BBBBB  BBBBB  CBBBB  BBBB  BBBBBBBBBB  BBBBBBBMB  BBBBB  ■■■■■  BBBMMBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBB' 

•  BiaiiBBiinBi  *  •■••mbm—MIM— IMIMMMMMiMMMiAliiAllliAiiiiAliAiAMiAiAliiiAM 

#**■  saiii  si  *««  bbbbb 

%«*»**»*»* *•*«* 

BBB"  l**MIBB».'*»»l 
^IIMimiBIB'  BBBBB 


!■■■■■■■ BB j 

biuinnj 

BBBB  BBBBB  BBI 

•aHUMHNMM 

■B  ■■•■■■■■■■ 
[BB •■■■■■■■■• 


■■■MBBB  •■■■ 
IBBB  BBBBB  Mayi 
iminiii 


UtllBllMIBIIIItl^l 


IBMf  BBBBI 


■  ■  ■  ■  ■  wmmmwwmmm*  wmmmwwm^wm-ww 
■■■■■■■ BBIBB BBBBI BBBBB BBBBB BBI 

■  ■■■■■'. ''BfSfi  BBBB  •  ■■■■  MBBB  BBI 

■  ■■■■■•.- WBBBBBBBB  .  1IIIBIIIIBII 


1.  4IIBIIIBIB  4BBBI  ■■■■■  «■■■■■■■■•  MBBB  BBtiiVIBBBIIIBl  JBBBI  ■■■■t.'JBBBBBBBB'i 

„•  /■•■■■■■■•  «•■•■■■■.  •  •■bbbsib-":bbbbbbbbv  *■■■■■■■■(  i*|iBBB»r  .HinmiB 

It  .'IBM BBBB”  :■■■■  BBBB- •  ■  ■■■■■■■..'■■■■■■■■» -■■■■■■■■■  *■•■■■■■■■  •BBBBBmBBJ 
H||Baa|MMaaa||aM|^BBaaBaB|BBBHaBiB'  :iBHitin4IHlBB)i  ••rara-ft 


.BBBB BBBBB  BBBBBBBBBB  «■•■■■•■•»  BBBBB  BBBB*  SBBBBMBBk  •BBBBBBBBw  IBBBtBBBB* “BBBB 
IBBf  *«■■!■•■■■  «  »  BBBB  BBgHilBIB  Bill  t  '  «■■■■■■»•-■■  ■■■BlL^flllin*  •■■■BBIIBI  IIMg I 
IHBB  •«■■■■■■■■  BMBBMiBBBr^BBB  ■■■■■■■■•■■■■■■  ■■■•■  UBiiBfiBMBMBBIBBBBBBBBBBBBBil 


MBM  BBBBB  BBBBB  BBBBB  BMM  MBM  BBBBB 
■BBBBB BBBBBBBBBB ■•■■■ IBBBBBBBBBBBBB& 

BBBBI  BBB1BBMHMMB 
mttaitiisi 


BBBMBBBBI  BBBBB  MBBB  MBBB  MBBB  BBBB  •■■■■»•■«■•  BBBBB  HBBB4 

■  ■■■■■•■••  BBBBB  MUI  BBBBB  BBBBI  BBBB rBIMIBBBiBBBBiiMBBBI 

■  ■■•■■■■■■— ■■■•BBBBg  ■■■■■■•■  §■■#■■■■■■  ■■■♦■■f  BBBB  gBBl 


ISd  *  HttllSSHUa 


(•ni  taainl 

| BBBB  BMBB  BB 

llBBB  BbSmSbmS  BBBBI  BBBBB  BBBBB  BIBBS  • 
[BBBB  BBBBBBBBBB  BBBBBBBBBI BBBBBBBBBB • 
BtiiimiBiuimitmiiiNiBHiMr 

[■■••■■■••■■•■■  BIBBBItflBBWBBBtaBB 


•  BBBBI  Bl 


BIBBI  MBBB  ■■ 
■■■■■■■■■■■■I 


BBB  MBBB  ■■■■ 


msassB 


■  •■■■•ran 
Mbbbbb  MIBB 

ssKssssnss 


69 


I 


■MmMIIII  aaaaaa  —  iHi 
!■■■■■§■■■■ aaiiaiaaaaia aaaaaa 
I aaaaa  — aaaaaiaaaa aa aaaaaa 

I . .  ■•■imiginliiHi* 

I ■■■■■•■■■■ aaaaaaaaaa ■*•■■■■■■ 
I ■•■■■■!■■■ ■■■■■■■■■■■«.  •■■■■■ 

I ■■■■•■■■■■  ■■■■■■iiiiiii  .-■»•• 

I  •■■■■  M«iiHimnu  in  imi 
!■■•■■■■■■■■■■■■■■■■■■■■■■■■■ 

I  ■■■■■■■■■••■■■■■•—■  ■■•imu 
!■■■■■  mmwmmammmm  ■■■  man 

■  •—•*•■■  ■■■■—■■■■■■■  taaaa 
!■■■■■■■■■■  ■■•■■■■■■■  ■■■«■— a 
I  aaaaa  aaaaa  aaaaaaaaaa  laavtaaia 
I  aaaaa  ■■■■■■■■■■■■■■■  ■■■<— 
laaaaaaaaaaaaaaaaaaaaaaa*  aaia 
ft— ■■■■■■■■■■■•■■■•■■■■••■■■■ 
laaaaaaaaaaaaaaaaaaaaaaaaaa 
■iiiai»naiaaaaaiaaan«Min 

Esiasap — Mm 

M— ■■*•••  iiihinHl 


a xbrsb ■••■&■■■  i 

ISSHH!!!!!!::::::::::::::  ■ 

knmMMiniimiiinnn.ny 

■■■■•■■•■■■■■■■■■■a ■■■■■■■■ ■■ 

Haaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaa.aa 
■-aaaaaaaaaa  aaaaaaaaaa  aaaiuu  MHHI 
I aaaaa aaaaa aaaaa aaaaa aaaaalaa la aaaaa a: 
.  . . . 

■  aaaaa  aaaaa 

■ aaaaaaaaaa 
■aaaaaaaaaaH 
. . . 

■ aaaaa aaaaa ■■■■■(■bib ■■■•*■■■• a m 

■  aaaaaaaaaa  aaaaaaaaaa  ■■■■■■■aanjai 

■  a aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaH 
■aaaaa aaaaa aaaaa aaaaa ■■■■■■■■¥] 

■  aaaaa aaaaa aaaaa aaaaa aaaaa aaaa  I 
-a——— aMamn 


liiHBiiimiifimmii 

|  ■■■■■■•■■■  aaaaa  aaaaa  aiiMIIHIIIIIIIIMHIHHBBMBIB 

■  aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaaaaaaa— aaaaaaaaaaait—— 

■ aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa •BaaaaaaaaaaaaaaaauiaaaaaaaaaaiKaBaa 

■  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  laaaa  aaaaH—a  au>i||H|||ij||||Hj 

■  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  iaaaa  aaaaa 

■ aaaaa aaaaa aaaaaaaaaa aaaaa aaaaa uiaaa aaaaa ■ 

■aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa i ■>■■■■«•«• 
|nmmi»jj«"ii«niji|iiiijtii  i  aaaaa  aaaa  | 


RiiihUV 

iitlSi  !■ 
3I5SSI  !. 


■inn 

ttillsM 


Isss 


SKJKS 


■■■■  iumiMV 
aaaa aaaaa  aaaa 

aaaa aaaaa  aaaa 


aaaaa  aaaaaaaaaa aaaaa  aaaa  aaaaa 


■a aaaaa aaaaa aaaaa 


::::::::: 


aaaaaaaaa 
aaaa aaaaa 
aaaaaaaaa 
Hi  aaaaaaaaa 
aaa  aaaaaaaaa 
muniiMii 
■  aaaa 
aaaaa 

■■■■aaaaa 

::::: 


aaaa 

■■•■IHI 
aaaiaaai 


FrllSi 


■a  ■■>■ 
•i  aaaa i 

mm  aaaa 


::::::::: 


Hiail 
■a—gaaaia  aaaaa 
aaaaa aaaaa  aaaaa 
aaaaa  a— a  aaaaa 


aaaaaaaaa  aaaa  aaaaaaaaa. 
aaaa aaaaa  aaaa  aaaaaaaaa' 
aaaaaaaaa  aaaa— m 

aaaaaaaaa  aaaa 

. . 

. (in 

aaaaa  aaaaa  i 


■  SSSaSSI 
HS88SSS 


Mill! 

laaa  aa 

■Miti  • 
aaaaaaaaaa 


■*«8P 

aaaaaat 


Hiinna 
iaaaa  aaaaa  a; 
iaaai  aaaaa  ai 


in iRaaiaa— a— aii  a— aii— a 

ill*  s;5ss:s;ssc:s:»a5:SsfflL 

aaaaa  aaaaa aaaaa  aaaaa aa 


aaaa  aaaaa  aaaaa  anaa  a 

assiunuaiuss: 

susss:;::::: 


::::::::::::::::::: 
uausmnuai  aaaaa 

■iiiniiiiii”::! 


■■■*£■■■■ 
aaaaaaaaa 
aaaa aaaaa 
aaaa  aaaaa 

::::::::: 


SaSSaSSSi 

aaaa aaaa  i 


mania 
■  ■■■■■■—■ 
■■aaaaa 
aaaaaaal 

Ha  aaaaa  a  I 

::::::::::: 
■aaaaaaaaaa 
■MimMa 

iaaai 

■NinaMl 

aaaaaaaaaa 

aaa  aaaaa  aaa 

inmiiin 

■aaaaaaaaaa 

aaaaaaaaaa 

niijinm 

■araiaaiS ■■ 
WkMiam  aaa 
■■aaaaaaaaaa 
■■■■■■■aaaaa 
■■aaaaaaaaai 
■aaaaaaaaa 

, _ ^KuaiH 

ISiKiiSRR1 
::::::::::: 
aaaaaaaaa aa 


■  ■■■a  I 

ISSKSl 


::::::::::::: 
■aaa  aaaaa  mmm 
aaaaaaaaa 
■■■• aaaaa 
aaaaaaaaa 
aaaaaaaaa 
aaaaaaaaa 
aaaaaaaaai 

lip-H* 

■■■■ill  aaa 
■aaaa  aaa 


EE 

■■■aaaa— 

Hilillil 

:::::::■ 

:::::::: 


laaaa  ai 

In::::! 


Eaaaiafl 

iinfil 


■aaaa  aaaaa ••■■■ aaaaa aaa»| L 
a— — as— — — — — — — 1 


MuaawiiHii 
aaaaa  aaaaa  aaai 
— a—aSaai 


■aaaaa 
■a  aaaa 
■aaaaa 
aaaa 
aaaa 
iaaai 


■aaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  a  taaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa aaai 
■aaaa aaaaa aaaaa aaaaa aaaaa aaaaa anaaa aaaaa aaaaa ■■■■■ aaaaa aaaaa aaa 

■  aaaaa  aaaaa  aaaaa  ■■■■■  ■■■■■■■■■■  li taamaai  ■■■■■  liaaa  aa— taaaa  aaa 
I aaaaa laaraaaaaa aaaaa aaaaaaaaai aiaiaiaaaa aaaaiaaaaa aaaaiaaaai aaa 

■  aaaaaaaaaa  aaaaaaaaaa  aamuMsa  a  vaaa  aaaaa  aaaaaaaaaa  aaaaa  iaaaa  aaa 

■  ■■■——■■■  aaaaa  aa— aaa— el— —au  aaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaa 
laiitiurMi  aaaanaaai aiaaa iaaaa  aa  taaaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaa 

■  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aa.taaaaaaa  iaaai  ■■■■■  aaaanaiatiai 

■  aaaaaaaaaa  ■■■■■■■■■■■■■■■■■■■■  aataaaaaaaaaaaaaaaaa  ■■■■■■—— §• 
|  aaaaaaaaai  ■■■■■■■■■■aaaaaiaaaiiai  —■■■—■—■—•  aaaaa  a— ad 

■  ■■aaa  aaaaa  aaaaa  aaaaa  ■■■■■  ihmiiii  ■■■■■■■  aaaaa  avail  aaaaa  aaaa^^M 

■  aiauiiaii  mat  iaaaa  mil  aaaaa  aaa  iiiaHiimiiaHiiiaanaiiaiaa 

■  ■■■■■■■a  aaaaa—  aaaaa  ■■■■■■■■■■ 

8  a  a  a  588— 8MC _ IK _ , 

■  aaaaaaaaaa  ■■■■■■■■■■  aaaaaaaaaa  ■■■■■■■■■■ 

|  •■«■■■■■■■  aaaaa  aaaaa  laaiiaiaai  i—i  aaaaa  aaaaa  I 
|aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  ■■■■)!■■■■■  aaaaa  I 

■  ■—■■■■■••aaaaaaaa—aa— aa— at  ■■iiiuiii 
■aaaaa aaaaa aaaaa aaaaa aaaaiaaaaa ■■■■■■■■■■ aaaaa I 

■  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  MaaMaMM 
■aaaaa ■■aaaaaaaaiaaaaaiaiaaaaaaaaaaaJ 
■aaaia aiaaa ■■■■•■■!■■ Bin 


■•■aaaaana  anaaiaiaan 
[■aaia  in  a^aa—aaa  ■• 


iaaaa  aaaaa  aaaaa  a— aaaaaa  ■■■  «■■■■■■  aaaaa  aaaaa  aaaaa  aaaaa  aaaa 
aaaa aaaaa aaaaa ■■■■■■■■■■ aaaiaaiaaa aaaaiaaaaa aaaaa aaaaa aaa 
nu  aaaaa  aaaaa  •■—■■■—■  aaaa  aaaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa 

MHHHHHHHHHHHHHHHIRlHi 


iaaaaaaaa  aaaai 
UIUIU  aaaaHHli 

■■III::::::::: 


luaniniHinnani  aaaa 

■  aaaaaaaaaa  aaaaa  aaaaaaaaai 

■  aaaaaaaaaa  aaaaaaaaaaaaaai 
■aaa ■■■■••aaaaaa aaaaa aaai 


■■■■■■■•aaaaa  aaaaa  aaaaa  aaaaa  aaa— aaaaaaa 

i— ■■——■■■— i— a— aaa—  —aaaaaaaaaa 

aaa aaaaa aaaaa i aaaa aaaaa aaaaa aaaaa aaaaa aaa 
taaaa—a— ■■— ■»—■  aaaaa  aaaaa  ■■—■  a  aaaa  aaa 

aaaaa aaaaa aaaaa aaaaa aaa 


Ha— a  aaaa 

«Mannu 

■■■■a  mu 


■  ■■■■■aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aiamatn  pHROTHpi 

. . . 

1— BMaa  ■■—■■■■ 


■  iaaaa  aaaaa  ian  i  ■■■■■■■■■■  laaaa  —aHHHHJ 

■  ■aaaaaaaaa aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaai ai 

■  nannan  aaaaa  aaaaa  ■■■■■■■■■■  lamtaanal 

■  aaaaaaaaaa  aaaaaaaaai  aaaaaaaaaa  aaaaaaaaai  •■■ 

■  aaaaa  aaaaa  aaaaa  aaaa'  iaiaaaaairnaiiaaii,aaiaa| 

■  aaaaa  aaaaa  nan  nair  «am  ■■■■»-  mainn>  jam 

■  •aaaaiiaaaaaaaiaaaak  jnaanu.-  )■■■■■■■■.■  iaaaa 

■  aaaaa  aaaaa  aaaaa  aaaau. iaaaa  aaaa  ."Maa  aaa  v<  'iaaai 

■  aaaaa  iaaaa  aaaaa  aaaaa  'nnnn- aaaai  —aa  —a  IHHHHHHHHHI 
|  aaaaaaaaaa  aaaaa  aaaa>  aaaaa  aaaaa.- »  — ft— a. i-aaaa  aaa  —  via— a ■•<>—« 

•aaaaaaaaa  aaaaa ■■■■•  laaiaaaaai  aaaai mimninua aaaaaaaaaa  aaa 

nnnanianaanf  a  —aaaaaa  aaaaaaaaaa  aaa— ai 
■aaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  a— aaa  m  aaaaa  a  j 
aaaaiaaaaa  ■  a  aaa  aaaaa  iaaaa  aaaaaaaaaa  aaaai  —a  aj 

::::::::::::::::::::  us 

I  aaaaa  a—  aaaaa  aaaaa  aaaaa  aaaaa  —aaaaaa  aaaaa  ai 
■  aaaaaaaaa  aaala aaaaa  aaaaaaaaaa aaaaa aaaaa iaaaa ii 
MMliiiMlil!!jn!!!!!!HII!«!lgiwjgiwnani| 

laaa  aaaaa •■■■■ aaaaa aaaaa  aaaaa  aaaaa M 
iaea  aaaaa  aaaaa  aaaaa  sain  anasa  aaaai  ai 


a 88 888 


aaaaaaaaa 
■  iinin 

aaaaaaaaa 
a  — aa  aaaaa aaaa 
•aaaaa i aaaa ai a 


.  .HI  aaaa*  aaaaa  SSSSS  SH 

nan  naw  nin  inn  nn 

susssruusassssu! 


aaaaaaa  aa 
■■■■■aa  ■■ 
Q0QG  sap-  ----- 

■  ■■■Ml 

uhiuMI 

■  ■■■■■■Ml 

■niHiiii 

■  IHIU|U| 

■■■•■■a 
nnm 

SSRiKi 
■ ■■■■■■■•■ 
■■■■■■a  ■  ■ 
■■■■■■a  ai 
iniiniHI 


aa  wmr.  rmmmm  ■■  awr  a 
•—•*■*—  inn.  / 

ps3:».8Kai 

■aaa  mmb  caafH 
taaa«  aaaai aaaai a 
minuaniHii 


»!■■>—■■•■■■■■■■■■■■■■  ••■in 

Mliaina aaaa  aaaaa  aaaaa— ai 
aaaa  aaaaa  m  ■■■  aaaaa  aaaaaaaHMH 
■■■■■■■■■■■■■a aaaaa i 


aaa 

K|«a 
■  ■■ 


■aimii 


■  ■■■■■■■■■■■a  nnnninniuinnni  ■ 

■  ■■■■■■■a— —————————————— 


■■■■■■■■■■■■a 
annumaia 


■■■—a 

■aaaaaa 


■■MHaiiniiiiHiMHMMMBi 

a— a  ■■■•aaaai— ■•  aaaaa hiwhihi 


‘—aaaaaa aaaaaaaaaa  aaaaaaaaaa  aaaaf  aaaa*  ■■■■■■■■—  ■■•■! 
aaa  —aa  aaaaa  ■■■■■  aaaaa  ■••■■  aaaai  ■■■■■  ■—■•■■■■■  aai 
aaa  ■••—■■■—••■•  aaaaa  aaaaa  aaaaaaaaai  aa—  ■■■■■■  ■■■ 

—naua— n— —a — — mh— — mmH— ma 


IRRHRMRuaiiiaaiaiuiaaiiiiini  lamiHni 
■•■■■■aaaaaaa  nn  ■*■■■  nin  aaaai  aiiai  ■■■■■■aaaai 
■■aaaaaa  aaaaa  ini  inianin  nan  nm  niia inn  ■■■■ 
■■■■aaaaaaaaa  ■nininninnmnniinaiianii  in 
aaa  aaaaa  a— a  —a  la— aaa  aaaaa  a— ■  •■—■■•■■  aaaaa  i 


■■■  ■  ai 

■  ■■Ml 


■—■■a—  ■■■■■■■■■■■■■■■!■■■■■■■(■■■■■■■■■■•■ 


■■■■■■■ 
■■■■■an 
aaaaaaa 
— aaaaa 

IIHH 


■■•■ ■■«■■■■■■■ «■■■■■■■■• 

■■>■ ■■■■■■■■■•■■■■■ ■■■■• 

■■■■a ■■■■■■■■■■■■■■•■■ ai 

—a  aaaaa  aaaaa  a— a  ■■■■■  ■■HHHHHHM 
MMa  aaaaaaaaaa  aaaaa  ■—■  aaaaa  •— aaaa  i 

MMaaaaaaMaaaHHaaaaaauHni  aaai 


kss: 


y—aaaaa  ■■■■■■■■■•■■■■■■) 
■  ■■■■a  ■■■■■■■■■■■■■■■■! 
Haaaaa  ■■■■■■■■■■■■■*■■( 
■  ■aaaa  aaaa  aaaaaaaaaa  aai 


■  aaaaa  aaaaaaal 


n«mn 

■HI  a—  ■■■■■■! 

a  imiuti 

Ka  ZSHuu: 


■■■— i  aa  iuiimmi ■■■■■ 
■aaaai  aa  Milnnuiain 
■■■  lua— m  HHHIIHHI 


aaaa 
»u  ai 


Mann.  ?«■■■ 

—aaaaa*.  aaaa 


••••■■•aaaa 

[■■aaaaaaaaa 


Sli-si 


>Km’ 

iaiiai 


■  •  ■•  i 

*i»ai 


■■■■■■■■■■■ ■■■■■■■■■■■ 
•a—l maaa  aaaaa  aaaaa  a 

■■minnini 

■■■■—■■•an  a 


»■  ■■■« 
■■■  ■■■ 
■aaaaaa 


a  aaaaa  a— aa  a—  aaa— aaaa  aaa— a— ■  aaaaaa—  a— aa 

i——————Baaaaaa—aaaaaaaaa—aaia——aaaaa— 

aaaa  aaaaaaaaaa  aaaaa  Maaa  •■■laaniimn 
■  aai  Hininiininiiin 


nuininnniianiaaiiPPM 
■aaa  aaaaa  aaaaa  a— aaaaaa*  ••■■•  bj 


■aaa 

■r-aa 


•aaaaaaa— ■ 

a  aaaiaiaa  iaaaa IVHHHHHHHHHHI 
■■aai aaaaa  Maaa  ■■■■■■■■■■■■■■  ■■■■■■■t 
——■■■■■■■•aaa  lanuniianannani 
Hauunaai  ■■■■  aaaaiaaaia ann an 


i—  ■—■•■—■• 


•  av  iaa  aai 

•  a— aaaai 

I  SHIS!!! 


■aaaa ■■■■ 


:a;y 


■■■ ■■■■■■■■■! 
■aaia—a— ■■ 
ia—  ■•■■■Maaa 

a— 

Ss?S; 


iaaaa  aiaaa  —■■■—■• 
mnnnanaaa  iaa 
■aaaa  nan  aaa— aaan 


• ,  iimi  ur  i  ihi  liar  nauiiin  iimi  mii  imh 
a-  MIMB  aaar.'nniiai.iMHiimiaaaiiUNinH 

wa— a— a— a^^Ia—  nn"»» —  a— iaiaiaa— aaaaaa a 

H _ I  BsifSa— SSSSaa—SS—— f if— SS—ai  aati 

wniKnH 


isHHHIill 

Hmnifian 
a—  —a— —a—  a 
n—— aaaaa  aaaaa  |l 


«  ——a  •— ■  aaaaa  wn 
aaaa— aa— a  aaaai— 


•■a 

■■■  ■■■ 


[■■•••■••■■  •■•■■••■■■■■■■•■■•■•■■■■■••■■•  iiHHfiit  •iiMiiitiiiiiiMitrtiMiiiiMiiiiMiiiiiiiiiiiuiiiiiimii  him  ■■■■■■■■■■  •■■■■•■■■■■■ 

•■■•■■(■■■•■■■a bbbbb ■■■•■■■■■* bbbbb bbbbbbbbbb ■■■■•■■■■■•■•■•■■■■■••■■■ bbbbb •■■•( ■■■■■■■•■■ bbbbb •■■••■■■■■■■■■■■■■■■■■■■• ■■■■■■■■■■ ■■■■■■■ 
■•■■■•■■■•  •■■■••■■■■  ■■■■■■■■■■■■■■■■■■■• •■■•••■■•••■■■■•■■■• aaaaaaaaaaiiaaiiaaaa •■■■■ bbbbb ■■■■■■•■■■■■■■■■••■■ bbbbb ■•■■■••■■■■■■■■ ■■•■•■■ 
■••■•••••■  •••■••■•■• BBBBB1BBBI lilll ■•••• BBB BBBBf IBBII ■■ BBB BB SB  I !•••■ BIB  IB BBBBI II1IBIIIM •••■IIIBBI BBBBB IIUI BBBBBBBBBI •■■■>■■■■■■■■■■■! 
■bBIBSBBBB •■BBBSIBBIBBBflBBBBBBBflBBBBBBBB BIB SB BBB Bl BBBBB BBBSB  BlltB B ■ S BBBB SBBBI BIBIB IBBBB B BB BB B BBB B BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB 
TaBBB BBBBB  BBBBB  BBBBB  BBBBB  BABBS  BBBBB  BBBBB  BBBBB  BBBbI  BBBB  ■  BBBBB  B  BBBB  BBB  BBMBBB  BBBBB  BBBBBISBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBBBB 
BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  IBB  BBIBBBB  BBBBB  BBBaBSB  BBB  BBBBB  BB BBB IBBBbCbBBB BBBBBBBBBB BBBBB  BBBBBBBBBB  BBBBBB  BBBB  BBBBB  BBBBB  BBBBB ■■■■BBBBf ■  IM| 
BBBBB SBBSS BBBB IBBaBB IBBBB BBBBB BBB ■  • It! BBBB BBB IBBbHb BBB BBBB I BBBBB • I ■ ■ I ii • Bit B IBf BBBBB IBBBB BBBBBlSBBB BBBBBBBBBB BBBBB BBBBB BBBBB BBBBB BBBBB 
BBBBB BBBBBBBBBB BBBBB BBBBBBBBBB ■■■■■*•■•• BBBBB BBBBB BBBBBBBBBB BBBBB BBBBB ••■•{ •••■■•■■■• BBBB BBB BBB BBBBB BBBBB B B BBB BBB BBB BBBB BBBBB BBBBB BBBBB S 
BBBBBtfBBBIBBBf BBBBB IBBBB BBBBB IBBBB IBBBB BBBBB BBBBB BBBBB IBBBB •■■•BBBB BB BaBBBBBBBi BBBBB BBIBB BBBBB BBBBB BBBBB BBBSB BBBBBBBBBB BBBBBaliBBBBBaaH 

■  BBBB VlBBB BBBBB I BBBB BBBBB BBBBB BBBBB BBBBB BBB BBBBBBB BBBBB BBBBB  BBBBB  BBa  BB  BBB%MBBBBBBBBABBBBB  BBBBB BBBBB BBBBB BBBBB BBBBBBBBBB  BBBBB BBBBB BBBBBBB 

■  ■  BBS  BIB  BBBB  BIB  BBBB  •  BBBBB  BIIBB  BBBBB  BIBB  I  IB  BIB  BBBSBIIBBI  BBBBBBBBBI  ••■■•  BIBBS  BBIBB  IBB  ISBBBIB  IBBBB  BIBBI BBIBB  BBBBB  BIIBB IBIBB 

. . . 

•BBBBB BBBBB •••■•■ BBB I BBBBB •■• •■■!■■••■■■■ BBIBB BBIBB IBBBB •■•■••BBBiiiiiiiiiiiiil 
LlB|BBBi III iilf Hill MBB|BBBBBBBBBBBB|BBBBBB|BB|BBBBBBB|BBBBB|BBBBBBBaBBBBBBB|J 


■MnMMnNBiBmiBtiBM 

•  ■■■•■•BBBBBBBBBBBkBBBaBBBBBBa— flVflQflfllflfl— I 

■■■■■•■BBB BBBBB BBBBB •■■■■•■■■■■■■BBBBBBB BBBBBBBBBB ■■•■■•■■•• 
■■■■■■BBBB BBBBBBBBBB ■■■•■•■■■■ BBBBBBBBBB BBBBBBBBBB  BBBBBBBBBB 
•■■is BBBBB IB BIB IBBII BBBBB BBBBB !■•■■■■■■• ■•■■• BBBBB ■••BBB*B«B 


■■■•BBBBB _ 

■  ■■BBBBBBB  BBBBBBBBBB BBBI 


tBB BBBBB •■■■■•■■■• •■■•■■■■■• ■■■•■ ■■•■■■■■■•■■■■• BBBI 
- IBB  BIB  BBBBB  IMS  BIB  BBBBB  ■■»••  BBBBB  BBBBI  BBil 

-  '  IIBB! -  - _ 


•  BBBBBBBBBB  ■■■  BBMBBB 

i  ■■■■BBBBBBBBBB BBBBBBBI 
llBB IBB ■■■■■■■ BIIIBBBI 


BBBBB BBBBB BBBBBBBBBB  | 

-  Hi  BBbSbSSbSSSbbSbSSbS  H 

P— . B  iiiiB  BBBBB  Si  Bilim  BSBB-BBBBIB  BBBBBBBBBB  BBBBB  BBB^J 

V— ————— Vi— —————— ——>i  ■•■••■■  bbi  bibb  i  bbbi  bbibb  bibbbbbbbibbbibbbbbbibibi  ■■■■■•■■>■■ 

••■■■•■■•••••■■BBBBB ■■■■•••■■■■•■■•••■■•••■•■••••■••■■■•••■■ BBBBBBBBBB •■■■•■■•■• BBBBBBBBBB BBBBBBBBBB BBBBB BBBBB BBBBB  BBBBB  SB BBBBB BBBBB BBBBB  ■ 

I  BBIBB ■•■■•■■■■■ ■■■■■■■•■■■■■«! BBIBB ■■■••■•••■ SB ■•••■■•■■••■• ■■■■■ BBIBB BBIBIBI ■  ■■•■■■’’  ■■■■■ B ■•■■■■■■ IBBBB ■•■ ■  i.B ■■■ B ■■ B ■• Bk -•■ •■■■• BBBBB BBBBB  ■ 

■  IBBBB  ■■■  BBIBB  ■■•■■•  ■•■■■■■■•■  •■•BBBBBBB  ■  •■■■••■••  ■•■••■••■•■■•■••■■■•••■•■•■■■■  BBBBk  1  ■■■BBBBBBB  BBBB  (BBB  BB  IBBIBBlBBI  Bto»  ■■•■■■■  BBBBB  BBMl  ■ 

BBBBBBBBBB BBBBB BBBBB IBB BBBBBB •■■•■!■ BBBB ■■■■■■■■■■■■■■■■■■■•(■■■■■•■■■■■■■■■■■■■■■■■■•■■■■•••■••■•■• BBBB BBBBBB BBBBB BBBBB  BBBBBBBBBB  ■■■■■ iWWlil 
BBBBB ■■■■•■■•■«•■■■• BBBBBBBBBriBBBBBBBBB ■■■■■•■■ B •■••■•■■ B ■ B •■■■••••• B •■■■■ I •■••••■■• I ■■■■■•■■■■■ B ■ ■ BBBBB BBBBB ■■■■■■•■■■ B4 C  IB IBIBB ■■■■■■ ■■•§■ 
■■■■■■•■BBBBBBB BBBBB ■■■■■•■•■■ BBBBBBBBBB ■■■■■■■■■■■■■■■■■■■• •■■■••■•■• ■■•••BBBBBBBBBB BBBBB •■•■■■■■■■>■■■■■■■•• •■■■■■■■•■ BBBBB BBBAB BBBBB BBB^^I 

■■■■■ ■•••■• ••■■■■•••••■••■•■•■ ■■■••BBBBB •••■•■■■•• ■•■■■■■■ BBBB BBBB BBBI ■■••«■ BBBB ■■••■•■■•■•■■■■ ■■■•■■■■■■■■■■• ■■■■•■■■••■■■■■ ■  BBfBBBBBBBBB^— 

■  ■■•■■•■■■■■■■■■■■BB  ■•■■■•■■■•■■■■■■BB  ■■■■■■■■■•••  BBBBBBBBBB  BBBBBBBBBB  •■■■■•■■••••■••  ■■■•••■■•iBBBBB  ■■•■•■■■■■  ■■■■■■■•■••■■■■■■■•■■■■■MM^H 
■■■BBBBBBB ■•■■■■■■■■ ■■■■■■■•■• BBBBB ■■■■■ BBB BBBBBBB •■■■ ■ I ■■■ 1 ■■■■■■•■■■■■■■■■■■•••■■ BB I ■■■■ BBBBf ■ BBBB BBBBB BBBBB BBBBBBBBBB •■■■■>■■■■■ 
•■■•■•■■■■■■■■■•■•BB (■•«■■■■■• •■■■••■■■■■■••■■■■■■•■•■■■■••■«■■■■■■■■••■■■■■■■■■■■■•••••■■ BBBBBBBBBB ■■■■■■■■■•■■■•■•■■■■ •■■■■■■■■■■ 

■  ■■■■•■■■■■■■■■■■■BB  •■■■■■■■•■■■■■■■■■■•■•■■••■•■■  BBBBBBBBBB  ■•■■■■■■■•  ■■■■■  BBBBB  •■•■■■■■■■  BBBBB  ■■  BBB  ■■■■■  BBB  ■■■■•■••■■■■■■■■■  ■■•■■ 

■  BBBB  ■■■■■•■■■■■■■■■■■■■■■■■■•  BBBBBBBBBB  BBBB  BBBBB  •  •■  BB  BBBB  BBlBBBB  BBB  BBBBBBB  BBBBB  BBBBB  ■■■■■  BBBBBBBBBB  BBBBB  ■■■■■■■■■■  BBBBB  BBBBBBBBBB  ■■■■■■■■■•  ■ 

■  BBBB ■■■■■■■■■•■■■■■•■■ ■!■■■■ ■ BBBBB BBBBB ■■■■■■■■■••■■■■■■■■■■■•■■ BBBB ••■■■■•■■■■■■ BBB  BBBBI ■■■•■ BBBBB •■■•■■■■■■■■■■• BBBBB •■■■■■■■■■ ■■IBIBIBIM 
■BBBB ■■■■■•■•■ ■■■■■■ •■■■■■•itf BBBBBBBBBB BBBBB BBBB ■■■■■■ BBBBB BBB BBBBB •■•■■•••■■■•■■■■■•■■■■■• BBS BBBBB BBBBBB BBBB ■■■•■■■■■■ BBBBBBBBBB BBiBBBBB^H 

•  ■■■■■■■BB BBBBB ■■■••■■■ ■•■■•■• BBBBB ■•■■• ■••■■■■ BBB •■■■ BfBBBI ■■•■■•BBBIBBB  BB ■■■■■■■■■• •■•■■ BBBBBBBBBB BBBBBBBBBB •■■•■■■■■■•■■■■■■■■■■■■■■ BIB^— 

•  BIBB  •■■••  BIIBB  BIBBB  BBBBBB  I  ■••  II  ■■•■■■■■•■  I  ■••  I  ■■■■•■«,■■•  I  ■  •  •■■■■  ■•■■■■■•  1 1 1  •■•  I  BBBBB  B  ■■■  B  ■■■■■■  BBBBBB  BBB 

■■■BB  BBBBB  •■■■■§■•■■  •■•  •■■■■•■  ■■■■■•• BBS BBBBBBBBBB  ■•■■!•■■■•  BBBB  BBBBB  ■•■■■••■■  BBBBBBB  •■■•■  BBBBB  ■■■■•■■■■■■■■■■  BBBBBBBBBB  ■■■••  BBBBB  BBB^^^^H 

.BBBBBB  ■■■•  BBBBBBBBBB  BBBIB  •■■■■  IBBBB  BBBBB  BBBB  ■•■■  BB  ■■■■••■■■■■•■■••■•■•  ■■■■■•■■■••■■■'  '■■■■  ■■■■■■■■■■  BBIBB  BBB— — — — — — 

•  BBBB  ■•■■■•■■■■■■■■■■■■■■  BBBBB  ■■■■■•■■■■••■■•■■■  •••■•■  BBBBBB  ■•■•■  •••■•■■  BBBBBf  •■•■■■•  .BBBB  ••■■•  BBBBB  •■•■■■•■■•  B ■■■•  BBBBB  Bk»  BB ■■■■■  BBBBBB 
■■■ ■•■••■■ ■■■■••■•■■ ■•■■■■■■■■ ■■■•■■•■ ■■•■■■■■■■■■ BBBB ■■•■■•.■■■ BBBBBBB ■■■■■■■•■■•■■■• IBBBB ■■•■■•■■■••■■■■•■•■■■■■■■■■■■« |**B BBBBBBB BBBBBBBBii| 
BBBB  ■■■■•••  BIBB  BBBBB  I  BBBI  •■■■••■•■  ■■••••  BBBBB  •■■■■•■•■■•■BBB  •■■■•■■■■■  BBBBBBBBBB  ■■■•■•■■■■  BBBBB  •■•■■■■■■■  I  BBBB  BBBBB  •■••!  I.','  BBBBBBB BBBBBBBBBB ■ 
■■■BBBBBBB BBBBBBBBBI BBUfl BBBBB •■■■■■■■ BIBBB ■■■•■■■•••■• BBBBB IBBBBBBBBI ■■■■■■■■■• IBBBB IBBBB BBBBB BBBBI •■•BBBBBBB ■■■■■■■•■• BBBBBBBBBB BBBBB BCBBB  ■ 
■■■■■■■BBI BBBBB ■■■■■IBBBB BBBBB BBBBB IBBBB IBB BBBB BBIBB BBB I BIBB IBBBB BBBB I BB ■■>•■■■■■ >•■■ IBBBB ■■■■■■■■■••■■•■■••■■ ■■■■■•■■■■ BBBBBBBBBB BBBBB ■  ■■•*■ 

:H'**I*  IB  BBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBB 
EMMBBBMHilllBlllllllllfMmilllBIB  ■••■■•■■■• ■•■■■••■■■| 
|BBBBBIBBIBBBB8IIBBBilBBBBB  BB  BIBBBBBBBBBBBBBIBB  I 
■■■■■■■■■■■■■■■■^^■^^■■■■■■■■■■■■i^H^^BH^HlIIBBIIIIIIHIIIIIBIIIIIII  BBBBBBBBBBBBBBB  BBBBBB 
■  BBBB  BBB  ■•■■■■■'  BBBBB  •■■■••■■■•  BBBBB  BBBBB  •■■■■■•■■•■■•■■  BBB  ■••■■■■■••■•■■■■  ■■■■■•  BBBBB  IBBBB  ■■■•■■■■■■.•■■■■  BBBBB  ■••■  BBBBBB  BBBBBBBBBB  ■  ■■■■■■■^— 
■  •■■BBBBBB  ■■■■■■■■■■  ■■■■■!■■■■  ■••■■BIBBBBIBBBBBBBB  BBBBBBBBBB  BIIBB  BBBBB  •■•■■■■■■■•■■■•  1 1 1  ■•  BBBB  ■  I  ■■■•  B  B  ■  BB  BBBBI  ■  BBBB  BIBB  B  ■■■•■•■  B  ■  ■  ■■■■■■M^H 
MBBBBBBBB  BBBBB BBBBB ■■■■■■■■•■■■■■ I ■■■■■■■■■■■■■ Bl •■■•• IBIBB IBBBB IBBBB BBBB •■■■■■•■■■■ IBBBB •■■ BBBB BBB BBBBB •■■■■■■■■■■■■■••■■■■■■■■■ ■  ■•■••■■—■ 
IHbBB ■••■■ BBBBB ■•■■■■■■■■UBBB ■■•■■■■■■■■■■■■■■■■■■■■■■ BBBBB  BBBBBBBBBB BBBBBBBBBBBBBBB I ■■■■■•■ BB ■••■• BBBBB B BBBB •■■•■ BBBBB •■■■■ BBBBB ■■■■■■■■■■  I 
liBBBBBBBBB  ■■■■■■■■■■  •■■■■•■••■•■■■■■■■■■■■■•■■■■■••■•■•■■•■■  BBBBB  BBBBB  ■■■•■§■•■■■■■•■  BBBBBBBBBBBBBBB  BBBBBBBBBB  BBBBB  ■■■■■  IIIII1IBBIIIIIBIBIIM 
■BIMIBBIB  IIIBIBIIII  ■•■•■■■■•■BBBBI  BBBBB  •■■••■■■■■•■••«  ■■•■•!■■■•  BBBBB  *•■■■•■  ■•■■•■••  IBBBB  ■■■■■■■■■•■•■■••■■■•  BBBBBBBBBB  BBBBB  BBBBB  ■  #*■■  BBB^— 
■•■■•■■■•  BBBBBBBBBB  •■■■•■■■■■•■■■■lifrBBBBBBBBBBBB  ■■•«■•■■■••■■■■■■•■•  BMBBJBBBB  IBBBB  IBBBB  ■■■■■■■■•■  MOB  BBBIB  ■■■•■■■■■•  BBBBB  BBBBB  BB—tlfli^H 
■■HBIIMMIIIIIIIIIBIIIIIBIBIBBIialf  BBBBBB  BBBB  I  BBBBB  BIBBI  IBB  ■  B  ■■  IB  Ml  ■  ITM  ■  1 1  IBBBB  •■■■■■■•■■■■■■■  •■■«■  BBBBB  BBBIB  BBBBI  Br -BBBB  BBBBBBbVJ 
■BBBB  BBBBBBBBBB  BBBBB  BBBBBBBBBB  ■■■■■liBB  ■■■■■•  BBBBBBB  ■••■■■•  IIIIIBlIjriBBBaiUtrillll  I  ■■■■  a  •■■•■■■■•■■■■■  BBBBB  ■■■■■■  B  ■■  ■  ■.‘•■■BBBBB  yMB 
■  ■■■■■■■■■•■■■•BBBBB  ■■■■•■■■■■  ■■■■■•npa  ■■■•■•■■•■  BBBBB  ■••■■■■•■•••SBB  BBBBBBMBB  ■■■■'  ’'■■■■•BBBBBB  ••■•■•  BBBBBBB  ■••■•■■■■•  •-•-«■■■■•■■ 

■■■■■■■■BB BBBBB BBBBB BBBBB BIBBB ■■■■■■■■■■■■■■■•■■•■ ■•■■•••BBB •■■■■BJ*BB ••■••■■*■■ BBBBv 4 ■■■• B ■■■• S ■■■••■ B ■■■■■ SB ■■■■•■■•• ■ •  iBBBBBBBBfl 
•■■■■■■■•■■■■■■■■■■■•■■■BBBBBB ■■■■■■■■■•■■■■■■■••I BBB ■■■■■■■■■■■ BBB  ■ a ■■■■■■ ■ All I IBB i  I ■ BB B ••■■■ BABB •■■■•■■ BBB B ■■■■■■■■■••••«■ BBBBB |J 

^H||  BBBf  ■  BBBBBBB  B  B|  ■?■■■  BB  jgB  BBB  ■■  ■  ||B  j  ■  ■  j  ||  ||  |BB  IBB  BBBBBBB  IB  ■■■•  BB  BBj>BBBJ|if  f  ■  j  Bf  j  j  ■  I  ■  B  ■■  |  ■■•■••  t  ■■■■  BB  j  BBBBB  BBB*  B  BBBBB 


ilBiB BBIBB IBBBB BBI if BBBBB ill  ■■■■■■■■■■■ I ■■■■■■■■■■■•••■■■•■ BBlOTHHPV 
mill  ■■■■■■■■■•■■■■■■•■■■■  BBBBBB  •■■■•  ■■■■■•■■■•  BBB  ■■■■■■••■••■  BBBBBBBI 
•  •lia«H*B((tBBBlBtlBBBIBBIBBBIBUBBIIBIBBIBBBBII  •■■■•■■■■••■■■■  BMaMM 
■•■■■■■••■■■■■■■■■BBBBB  •■■■■■■■■■■■■■■•■■■■■■■■■■■■■■■■■■• ■■■■•■ 


■  ■•■■■ 


MMua  •■■■■■■■■■■■■. 
■  ■  miBiiiiimmiiHl 

BBBBBB •■•■■■■BBI IIIIB 


■BBBI BIIBB BBI 
•■■BtlBlaBBB 
BBBBB BBBBB 111 


•  MfllimillltlBBBBB  IBBBB  ■■■■■■■■■■■■■■■  BBBSB  BUBBBBBIB  •■■■■  BBBIB  ■ 

•  ■•■■■■■■■■■■■•■•■■SB  I  •■■■ BIBBB IBBBB ■■■■■■•■•■■■■■■■■■■■ ■■■■■■■•■■ | 

■  BBBBB  BBBBBBBBBBBBBBB  lilBB BBBBB ■■■ BB BBBB ■■■■■■ BBBBB ■■■■■ BBBBI ■■■■■! 

■  BBBBB • BBBB BBB ■■■■■■■  IBBBB  BBBBBBBBBB BBBB B IBIBB ■■■■■ ■■•■• ■■■■■!■■■■■ 


- HIbIbAbb ■■■■••■■•■•■■■■■■■■■■■•■•■■■■■ BBBBB  I ■ B ■■ IB ■ I ■■ I ■■■ Bl B B «• I Bl ■ BBBIB •■■■*•■■■■ IBBBB | 

ii iiiii iiiis ■■■■•■•■•  BBBBBB ■■■■■•■■■■•■■■■  ■•■•!••■■•  )■■■■  bbbbbbbbbb  ■■•■■■■•■■  bbbbmmmmmmmmA 

. . BBIBB  ■■■■■IBIBBII  BBB  ■■■■■(■■•■  •■■■•  IBBBB  l|B|a||||B||||B||Ba|i|ad 

BBBB BIBB BIBBB B •••BBIBBBB ■•■■•BIBBI III ■•••■•• BBIBB  IBBII • 
■■^HlBBBmBIIBmilBillBBBtlBMIlBIBIIlIBBBIIIBIIBM  (•■••■ 

•■•■■•■Bl  Bill  IHIIIIMI  ■••■■■bibb  (•■■•■ 

■  BiBiiBBB  BBBB  B  ■■  BBS  I  BBS  ■■■■  Bl  1  ■■■•■■■■  OBBB  ■  BBBBB  ■■•■■■■■■•■■■■■■■■■■■■■■■■■■•  I  BBBBB  IlIBBBMIMIlMnOTmMMN^MM 

■  ■■■■■■■I ■■■■■■•■■■ ■■■■■■■■■■■■■■■■■■■■ BBBB ■•■•■■•■•■«•■■■■■■■■• ■■■■•■••■• ■■■■■•■■■■  IBBBB BBBBB BBBjB BBBBB BBBBB BBBBB BBBBB  B»- •BBBBBBB 

■  ■■■  BIBBB  BBBBI  BBIBB  IBBBB  I  ■■■■  ■■■■■  ■■■■■  IB  ■•■••IBIBMIIIBBIB  ■■■■•■  ••■••■■•■■■•■■■■■•■  '■■ItmiBMBBIBMBIIIIIIIIMIBBM  •'■IIIBIII 

■  ■•■•■•••  BBBBB  BBBBB  BBBIB  BBBBf  BIBBB  MIBB  BBBBBBBBBB  ■■■BBBBBBBBBBBBBBB  BB~BBBBB  BBBBB  •BBBB’  JBBB  ■■■■■■•■•■■••••  BBBBB  ■■■■■  ••■••  BfekllBBIBI 

•••••••••■■••■•■■BB ■■•■■ •■■■■■■••■ BIBBI •••••••.•■•  BIBBB BBBB BBBBBB BBBBB BBBBB BBBBBBBBBB  >■■■■■■■■■■■■■■■•■■■■■■■■■■■■•••■■■■■>■■■■■■■ 

■■•■■■•■•■■■•■■•••■BBBBBBBBBB ■■•■iBBBBBBBBBiiaSBiBBBBBBBBBB ■■•••■■■■■ ■■■■■•■■■BBBBBB  ■■■• ■■IBinBBt BBBBBBBBBBBBBBB IBBBB BBIIBBBIIB 
■••■■■■■• ■■■■■ IBIBB ■■■■••■■■•■■■■•»••■• •■■■■■■■■• BBBBB •■■■■■■■■■■■■■■•■ BBB ■■■■■■■■■■  BBBB BBBBBBBBBB ■■■■■■■■■■■■■■■■■■■■ •■■■■■■•■■ 

!•••••■■•••  BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBIB BBBBB ■■■■■ BBBBB BBBBBBBBBI ■■•■■ ■■■■■■■ BBB  I  ■■■■■■■■■•■■■■•■■■■■■■■■■•■■•■■■■■■■■■■■■■■■ 

•  •■■•••••• ••■•••••■■ ■■■■! ■■■■•■■ BBS •■■■• BIBBB  BBBBB •■■«■•■■■■•■■■■ BBBBBBBBBBBBBBB •■■■■>  ■■■•■•■•■■■••••■••■•■•■■■•■■■•■••••■•■■•■■■■ 

MMMMMMMMMMMMMMMMMMMMMMBB  BBBBB  SB  BBB  BBBBB  ••■■BBBBBB  ■•■■■••■■•  BBBBB  I  ■■■■■■■■■•■■•••■■■■■■■■•■■■■■■■■■•■■■■■■■■■■ 

■■■■BBB •■•■•■■■••••■■■■■■■• IIIIB BBBBB BBBBII IBB I I ■■■■ III •• •■■■«■■■■■ ■■■■■ IBB Bl BIBBI •■■■■ 

■MMMHMnniii ibbib •■■■•  bbi ■■■■■■  •■■••■■  ■■■*  •■■■•i  ■■■•■■■■••■■■••■■■■■■■■■•■■■■■■■■••■■■■■■■■■ 

MlllllliVIIIOTlipillBmaminBIBBBBBmBHtlBWIHVHIHHBIBIBIIimBllllillBIlIBBBBIIIIBIBIIinBBmiBBIIIMBBBiaillBBIII 
iiiiiliBiiiiBiiBiiiiiiiiilBBBBBBBBBIIBBBIBBBB«BB«BIBBIIIBBBBIBBBBIIBBIIBBBBIB>BBBBBBBIIBBIIIBBBIIBrBIBBBBIBBBIIBBBBBBBBBBBBBBBBBBa 
IBIBB  BBBBB  IBBBB  BBBBB  ■■■IBBBBBBBBBBBBBBBI  BBBBBBBBBBBBBBB  BBBBB  ■■■»■■  BBBB  BBBBBB  BBBI  1BIIM  II  BB  BBBBBBBBBB  •••■■  BBBBBBBBBB  BIBBBBIBBBBBBBB 
IBBBB  BBBBI  BBBBBBBBBB  IHIHBUIfttMIMimmHlIllHWHIinmUII  BBBB  BBB  BIBB  I  »■  BBB  BIB  BBBBBBBBBB  BB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB 
BBBB  BBBBI  BBBBB  BBBBB  BBBBB  BBBBBBBBBBBBBBB  BBBBBBBBJLB  BBBB  BBBB  IIIBIBIIIIBIIIII  BBBBBB  BBBBBB  IBBB  ■■■■■•■■■•■■■•■■■■■■  ■■■■■■■•■•  •■■■■■■■■■ 
l»mmBB»lBB«HBBBHBHI»«mBMBMin«l»UHmMHIIBmHlHBBIII  •■■■•■■■■BBBBBBB  tBBB.BBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBBBBBBB 

■  ■■■■■■■■■■■■■■■■■■••■■BBBBBBBBBmiliiBBBnBfUltmmBBBB  •■■■■■■■■■  BiBBBBBBBB  •■■■■•  ■■•  ■••■•«■■■■  ■■■■■•■■■■■■■•§■■■■■  BBBBBBBBBB 

■  ■■■■■■■BB  BBIBB  VIB^BBBBBBBM*BBBIBBUIltii*BiBBBBBBBBB{BBIl  ■■■■■■■■■■  ■■■BIIBB  It  BBBBI  II  •■••■••■•••■■■■••■•■■■■■■■•■■■■■•■■•■■■■■■■ 
BBBBBeBBBBBJBBBBBJBJBBBMBlJWMBlBBBJBBBBBBBBBBBBiiiWWiBBBBBBiiBtBBBBBBBBBBBBBBBBBBBB^BBBBBBBBBWBBBBBJBBBBBSBBBBBBBBB^^BBBBBB 


■  BBBB 


■BBBB  ■{•«■■■■■••■■■■■■ 
■tlimilIBBBBBBBIIIIU 
■BBBB  ■■■•■■■■■■■■■•■•«  M 
■BBBB BBBB  BB  BBB  BBBBB I BBB  •■■•■• 
■■■■■■■•BBBBBBBBBBBBBBB  ■■■•■• 
IHIBIBBIIIIIBIIIIIIIIIIBIIUBt 

■BBBBBB ■•■■■■■■■■ ■•«■•■■•«•• 
■■•■■IB BBBBB BBBBB BBBBB BBBBB i 
BBBBBBB BB ■■■•■■■■ ■■■■  ■■■•■%! 
•  ••■■■miiiiiBiiiBiMimtr 

ili'iiiHiniHniiyiiMI 


IIBBIIIIIIIII  iBBBB BBBBBBBSBBBBBBB BBBBB  BBIBB ■■■■••■ BIB I 


■■■•■■■••■■■■■■BB 


{■■■■ 

■  ■BB 


■  ••■■■■■■••■■■■■■■■■•■■■•■BB  BBIBBBB BBBBB BBBBB BBBBB •■■•■■■■■■■■■■■•■■■■ •■■••••••• BBBBB  IBBBB BBBBBB' 

BIIBB •• III ■((■■•■■■■ BIBBBiai  •!•■■•■■■■• BBBBiBBBBB BBBBBBBBBB •■■■■•■■■■ ■■■■■■•BiBBBBBB IBBBB BB|6bB 
BBBBBBBBBB BBlBl IIIIB BBBBB BBB  ■■■■■■■■•■•■■<■••■■■■ BBBBBBBBBB •■■■■ BBBBB ■■■■■ BTi BBBBBBB  IBBBB  Hf  BBB 
•  ■•mumUlIMfilllBBIBII  ■  BBBBBBBBBB  IIBIBIIIfll  BBBBBB  BB  BB  BIBBB  BBBfB  BBBBB  BBIBB  BBBBB  IBBBBBBBBBB' 

IBBBB  ■■  BAM 
IBlBBi b^^H 
■ IBBBB ii 


IW IBIBB  IBIBB  BIBBI ■■•■•■■ BBI ••■•«•■■■• BBBBB BBBBI •■■■■! 
■BBBBBB •••■■■■■■■•■••••■■■■■■■■■■■■■■ BBBBB ■■■■■■■■■■ f 
■MHIiIIIIIB  BBBBBBBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  ■■■•■•BIBBI* 
VlimiBIIIBIBB  IBBB  BBBBBB  BBBBI  BBBBB  ■■■■•■§■■■•  BBBB  •■■■■■■■■■  I 
■■■■■■■■■BBBBBB IBBB ■■■■■■ BBBBB BBBBBBBBBB BBBBBBBBBB ■■•■■■■■■■ | 


BBBBB BBB BBBBBBB ■■■■■■■■■■ 

■■■■•■■■■■■•■■•BBBBBBBBBB 
iBlIIIIIIIIBIBSIIIIBIBBH 
■  •■■••BB ■ B BBBBBBBBBB  BBBBB 
BBBIB ■■■■■■• •■■ BBBBB BBBBI 


*  —  ■■■■■■■■■«■  — 1IT  TBBirnmrBBB  BIBBIIBBH  BBBBBBBBBB  ■•■•■••■•••■■■■■'  '■■■■■■■■■■■•■■■•  BBBBBB  BBBBBBBI 

BBBBB  ••■■»■■■■•  BBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  ■■■■••■■•■■■■■■■»  4BB  •••■■••■•••■■■•  BBBBB  BBBBB  m 
■  ■■■IB  BBB  ■■■■■•■■■•■■■««)■■■  1  •■■■■•••«■  ••■••■•••■  miHBBtWBBIBBBI  BBBBBBBBBB  BBB  BBBI  ■■■  ■■■■■■■■■■  ••■■■■■■■■■■■■■[ 

n  ■■ 11  a  1  **>■■•"■"■*"**•*■  M 1  a  11  a  ■  HMMlMAAAMAAMMMMMft 


■  BBBBBB. ‘•BBBBBB 

■IBH'MBiiiiB 

fcigggi! 

m«B»MBHH»ltnni>B>»H«BH 

■  ■■■■•■BBBBBBB  BBBBBilBII  BBBBI  BBBIf  ■■■■•  BBIBBB  BBBB  •■■••••■■■•■■■■■■■  B  ■  BBBBBBBBBB  BBBBBBB  IBB  •  BBBB  ■■■■■■■■■•  IBBBB  BBBBB  BBBBB  •■■•■■■■••■ 

■  ■■•■■■■•  BBBBBBBBBBBBBBB  BBBBB  ■■■■■■■■•■-•■  BB  B  •  BB  BB  ■■■■■•■  ■■■■■■■!  BBBBB  !■  IB  ■■■■■■  IBBBB  II  ■■■  BBB  BBBBBBB  BBBB  •■  BBBB  ■■■■■■■■■■■■■■■■■■■•  fl 
•  ■■■•■■■• BBIBB ■■■■■••■■■ •■■■■•■■ ■■•■!■■ ■■■■■■ BBBBBBBI ■■■■■■ •■■■■ ■ ■■ ■ I ■ I ■ ■ ■ ■ ■ Bl I •■■■■ II I ■ B •■■■■■■■■■ BIBBI BBBBB ■■■■■ ■■■■■ ■■■■■•■■■■■ 

■  BBBBBBBI ■■■■■•■•■■ •■•■•■IBIB •■■■■•■■■■ ■■•■•■■■■■ ■■■■■■■■•■ I ■ ■■ • BB BBB IB ■ I ■ BB ■ ■ I ■■■ (• ■• ■■••■■■■■■■■■■■■■■■■■■■■■■■■■■■•■  ■■■•■■■■•■■ 


P 

L:::J 

Bbbb  J 
!bbbbi 

■  BBBB 
BBBBB 
BBBBB 

■  ■■■■ 
liBBBB 

■  BBBB 

■  ■■■• 

■  ■■■■ 

■  BBBI 

■  BBBB 

■  BBBB 

■  BBBB 
■BBBB 

■  ■«■■ 

•  ■■BB 
BBBBB 

■  BBBB 

•  ■■■■ 

•  •■■■ 

•  ■■■• 

■  ■•■■ 

■  BBBB 

■  BIBB 

■  BBBB 
•  BBBB 

■  BBBB 

■  BBBB 

■  BBBB 

■  BBBB 
■■■■* 
BBBBB 
I  BBBBB 
IBBBBB 
IIIIB* 
IBBBBB 
IBBBBB 


■  ■■■■I 
■■■■■I 
■■■•■fl 
■■■■■fl 
■■■■•fl 
I 


ll•■l■•■B■B■l•IB■B■■■■■l■B■ll■■•■■■■■■l■■a■■■B•l M BBBIB ■■■■•■■■•■••■•■■■■••■■■■■•■ IB ■•■•••■•■■■ III 

■  ■■■■■■  ■■■■■■■«■■■■■  IB  ■■■■•■■■■■■■■■■•■■■■  ■■■■■  fllBBBB  IBB  ■■■■■  ■■•■■  ■■•■••■■■■  ■■■■■■■■■•  B'.k'BB  BBBIB 

■  ■•■■•I •■■■■■ Bill • ■■■ ■■■■■••••■■■■■■■ II BB ••■■•■ ■■■■■■  ■  ■■■ BBBBB ■■■■■••■■■•■■■■ BBBBB ■■•■■■»-■■ BpBBl| 

LamMMAMAMABMMAAM* ■(*■  ■■  aa* *aa**  mi*  * i  ■* 1  . .  ibbSbbb^H, _ 

•  ••■  ■■••••••■•  ■■■••••■••  BBBBBBk.^BB  ■■■■•■■■•■•■•■••■•■■•■■■■■■■■•■■>■■■■■■■  VVnbBBBBB 

■■■•II ■•••■■■ IIIBBI BIB ■••■■■• BIIBB BIB ■■■■■■• •■■■ I ■ BBBB BB ■■■■■•■ ■ l..lllll*l ■■■■■■■■■* 
■•■•■■ ■■•■■■■■ ■■■■•■■■■••■■■■•••■• •■■■■■•■■■ BBBBBBBBBB ■■■■■ BIIBB •■■■■•IBBBBB BBBB BIBB 
■flflVflflfliflflflflflflflflflflflflflflVflflflfliBBBBB IBB ■••Bill  1 1 1 1 1 • 1 1 • I ■■■■■■ I ■■■■■•■ B •■■■ I Bl ■■• BIB •• SB ■■■ BB ■■••■••■■■■■■■■■■■ IBIBB fl 
■BB ■■■■■■■■■■ ■■•■■•■■■••■■■■■■■■■■■■■■■■■■■ ■■■■■■■■■■ BBBBB BBBIB •••■■■■■■■ ■■■■■ BBBBI IB ■••■■■■■ •■■■■■■••■■•■■•■■■■■■ 
IM!IBIiaiaiMIMIa*IBI  ■■•■••■■■••■■■•■••■•  IBIBB  ■  ■■■•  IB  BIBBB  ■■■  IB  BIBBI  «■•■•■■■■■  BBMB  BBBBB  BBBBB  BBBBB  ■■•■■  BBBBB  fl 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBUBUUBBBBBBBBBBBMBiBUBBBBII  BBB  •BIIB'IBBBB  ■ 

■BBI ■■■■■ BBBBB | 
■■■■■■■■■■■■■11 
■■■■■•■■■BBBBB | 
.  W)HIII  BBBBBBBBBB  fl 
_ ■fllBBIBIBil 

IIBIBB8  aBRIIIBIBKIBlBIQIIB  ] 


■■BBBB BBBB •■■■■•■■■■ • BB ■■■ I ■■•■•■■•■■■ B I ■■■■■■■■■■■■■■•■■■■■■■■■■■■■■■«■■■■■■■■•■■■■■•■•■•■■>■■■■■■*■■■■■■■■■■■■■■■■«■■■ •■■■■■■■■■ 

BBBBBBBBBB BBBBBBBBBBBBBBB BBBBBBBBBB BBBBI BBBBBBBBBB  BBBBBBBBBB I ■■■■■■•■■ rfBBBB BBBBI BBBBBBB •■■•■■■■■■■■■■■■■••■■■•■■■■■■■■■•■■■■■••■■■ 
IBBIIBimniBIBBIBB  BBIBB  BIBB  I  ■  ■  ■  I  ■  ■  ■  ■  I B  I  ■  ••  1 1  ■  Bl  ■  BBBBB  1 1  ■■■  I  ■■■■•■•■■  I  ■■•■•■■■  •  ■■■■■■■  •■■•■■■•■■•■••  BBBB  •■■■  I  •■■■•■  BBBB  SB  BBB  BBBBB 
UBIBI  ■■■■■■■■■■■■■•■■■■■■■■■•■■■■■■■■■  ■■■■■■■■■■■■■■•■■■■•■■■■■•■■■■  ■■■■■••■•••■■■■■■  (■•■•••■■■■■■■■■■■•■■•■■■■■■•■■■■  IIIIIBim 

■  BBBB  BIB ■■■■■■■■■ BBB ■■•■■■■■■■■■■•■■■■ ■ ■■■■■■•■■ BBB  BBBBB ■■■■■■■■•■■•■■■■■■■■■> ■•■■■ ■■•■■■■■■■■■■■■■■•■■■■■■■ BBBBB ■■■■••■■■■■■■■■ 

■BBBB  BBIBIBBIMBII ■■■■•■■■■• IBIBB BBBBI ■■■■■•■•«■■■■•■■■■■• BBBBB ■••■!■ BBBI ■■■■■•■■■■ BIBBB II BIB IBBBB BBBBBBBBBB BBBil BBBBB BBBBBBBBBB 
BBBB  BBBBB  BBBf  BBBBBB  BBBBBBBBBB  ■■■•■■■■■■  ■■•■!■■•■•  I  •■•  B  BB  I  ■  I  ■•■■«•  BBIB  BBBBBBBI  ■■•■■■•■■  BB  ■■■■■■  ■•■■■■■••■■■■■■  BBBBB  ■■■■•■■■■■  ■■■•■ 

■  ■■■■  ■■•■■■& ■■■■■■■■■■■  BBBIB 

BBBBB  •■•■■■••••■■»■■■•••■■■••■■■•& 

■  ■•■■■■■  IBB  ■■■•■••  i  •■  a  • 

■  BBBB  ••• BBBBBBBBBB  BBBBB  BBBBB  BBBBBBBBBB ■•■••••■■■ BBBBB  BBBBBBBBBBBBBBB  BBBBBBBBBB  BBBBBB^ 

BBBBBBBBBB •■■■•••**■ •■■■■■•■•■ ■■■■■••III . . IBB ■■■•■■I  ■■■■■■•■•• •■■■•■> 

■  •■•■■•■•■•■■•■•■■■  •■■■BBBBII  ••■■  BIBB  ■••■■■■■■■•■  BBB  IB 

■■■■  ■■■:■■■•%■  ■■■••«■•■■  ■■■■■■■■■■■■■  ■■■■■  ■■■■■■■  •■■■•PMflflVflaflflflViPflflflflflflflflflfliaaflVflflflflVflflflaflflflflflaflWflflflflflflflaflflflflaflBflflBflflflflflflflflflflflBflflflflflv 

■■■■■■■IB BBBB IIIBBI BIIBB IBIBB I ■ B B ■ ■• ■ ■ ■ ■ I ■ I B ■ I ■ BB IBB •••■■■■ IBBBB • a ■■■■■■• S • I ■ Bl IBB fl ■■■•■■■■■■ B ■■■■■■ I ■ I I ■■■■ S BBBBBBBBBB •■ BBB IBIBB !■■■■■■■■■ 

■BA  ■  JMI 

BBBBBBBBBB BBBBB BBBI 
■■■■BBBBBB BBB ■••«■■ 

BBB ••••■•••■«••■■■ 

■BBBBBBBI ■■■■■■■■■ 

■■■■■■■■BBBBBBBBBB 
HBfli BBBBB ■■■■• BBBB 
■■■■■••■■■■■■■■■IB 
Mil  BIIBB  IBBBB  BBBB 
flflflBBBBBBB ■■■■■■■•■ 

■■■■■■■■■•■■■■■■■BB 
BBBBB  BBBBB  BBBBB  MSB 
■■•■a •■■■■■■■■•■■■■ 

■■■■■■■■■■■■■■■■■BB 
■■■•■BBBBB ■■ BBBBBBB 
■■■■■■••■■■■■■■■BBB 
■■■■BBBBBBBBBBBBBBB 
■BBUBB ■■■•■■■■■ BBBB 
BBBBBBBBBB •■■■■■■■■ 

•BBBi BBiB| BBB BBBBBB 
BBBBB BBBBB ■••■■■••■ 

BBBBBBBBBB ■■•■•■•■■ 

■  ■■■■••••I  lllfinil 
UBBBBBB  BBBBBB  BBIBB 
■■■■■■■■■BBBBBBBBBB 
••■■■•■■■BBBBBBBBBB 
•BBBB ■■■■•■•••■ BBBB 
BBBBBBBBBB BBBBB BBBB 
■■■■■■■■■• ■■■■■•■■■ 

■■■■■•■■■■■■•■■•BBB 
•■■■■■■•■•■§■■■•■■■ 

■BBBB BBBBB BBBBBBB BB 
BBllB  ■■■■•  IBB  BBiiM 
IBBIBBlBBI •• BBBBBBB 
■■■■■■■■■BBBBBBBBBB 
I  •■■•■ ••••• BBBBB BBBB 
■BBBB BBBBBBB* ••■■•■ 

BBBBB iBBBf •■■■■■••■ 

•  BBBB  B**«l  !•■>•• 


. . ■•••Ill . . . . 

■  ■■■■  BBBBI  ■■■■•  BBBBI  BBB  IB  IB  ■■  ■  •■•■  B  ■■■■••■■■■  BBB  ■•••■■■■•■■I  IB  BBB  ■■  IBB  ■■■■■■■■■•  BBB  ■■  BBBBB  ■•■■■■(■■••■■■■  iBHHHHHHH 
■■■■•■■■■I ■■■■■•••■• BBBBBBBBBBBBBBB ■■■•••■■■■■■■ BBBBBB ■■■■■■•■■■■ I B IBB ■■■■■ BBBBB ■••■■•■■■! ■■■■■■■■■■•■■■■ BBBIB BBnBIBBBB | 
•BIBB ■BIBrBBIBItBBB* IBBIBIBfil ■•■III BBBI I ■■■■ BIBBI IB IB • 1 ■■■■ IB ■■ B •■•■ I IBBBB BBIBB BBBBI ■■■■■ ■■■■■■•IBB ■■■■••■■•• ■(■BBBBBBB I 

■  BIBB  BBIBB  •■■■■  BBBBI  BBBIB  ill  BBI  II  BB  ■■■•■■■•  IBB  I  ■••■■«  Bl  ■  I  ■  IB  BBBB  I  III  ■*••■  IBBBB  ••■■■  BBBBB  BBBIB  BBBBB  ■■■■BBBBBBBlVflVOTWM 
BBBBBBBBBB ■■■■■•■•■• ■•■■■■■■■■■■■■■■■■■I BBBBB BBIBB II BBBf ■•■••■■■■■■ IBB ■■■■■■■■■■■■■■■•■■■■ BBIBB BBBBB •■■■■■■■■•■■■■■■■■■• | 
■■■■■■■• B BBB BBBB ■■■ B •■■■■•■■■BIB BBBBBBBI IBBII I BBBI I BBBBBI BBI ••■■••■ I BBMBBB IBBBB •■■■■■■■■■■■■■■ IBBBB BBBBB BIBBI BBIBB BBBBB fl 

■  Bill •■■«••■•■■••••••■■■•••■■••■■■■■■• ■!•■■■ ■■■■■■ ■■■■■!■■ ■•■•■■■ IB  IBB BBBBB BBBBB ■■■■■••■•■•■•■••■■■■ BBBBB ■■■■•■■■■■ •■■■■! 

■  ■■■■■■■ BBBBB ■■■•■■■ BBBB BBBB ■•■■■■•■■■ BBS BBBIB ■■■■■■■• ••■••■■■■ IBB •■•■■ BBBBB ■■• BB ■ BBBB •■•■■ ■■■■■•■  .'■■■■■■■■■■■■ BBBBB fl 

■  •■■■  iibbi  bbbbb  ibbbb  •■■■■••■■■  ■■■  ■■  ||**MMflflflMfllflMflflMflflflAMMflMMMMAMflflAflMflflAMMflMflflflflflflMMMflflflflflflMflflflflflllAM 


■■■■•■■■•■■•■■■•■■■• BBBBBBBBBB •••■•■■■■• BIBBBBBIBB BBBJB BBBBB •■■■■■■ IBB •■•■•••■■• BBBBBBBBBB •■■■■••■••••■■■■■■■• ■■■■■■■■IB | 

■  ■  ■  BB  ■  •  ■  a  I  <  ■  ■  ■  ■  ■  a  ■  ■  ■  •  ■  ■  ■  ■  ■  ■  ■  ■  ■  a  •  a  •  •  ■  •  ■  •  ■  ■  •  •  •  •  •  ■  ■  ■  ■  •  •  ill  BMMMBMMMMHMMflMMAflMflflAMiMflflflMMflflMMHMflflHnMMHAMAAH 

■•■■■••■a ■■•ilia •••■■■ iBaad 

■■■•■•■•■•■■■■•■■••■••■•••••■•••■■■•■■••■•••■•■••BB 

IIIIIIBBIB  BBBIBIBBBI  I . . . .  — — ——————————— 

XHfBIBIIB  •  1 1  •■•■■■■■•■■■■■■■■■■  BBBBI  ■■■■•■•■  IB  BBBBI  ■■■IBIBBIB  | 

■flUMIIII  ■■■■■■■■*■  BIB  ■■■■•■  BBBBBB  BBIBB  BBB  ■•■■■■!  •■■IIBBIBB  | 


■  ■■■■■■•■■■■■BBBB  IB BBBBBB ■■■■■■ BBBB ■■■■■■■■■•••■■■■■■■■■■■■• ■■■■■•■•■•> 
•  •■■■■■■•■•■■■BBB  IBB ■■■■■■■■■■ BBBBBBBBBB ■■■■■■■■■■ ■■■■■■•■■■ ■■■■■•■■■Bfl 
B BBBBB BBBB  I •■■•■■  '■■ BBBBB BBBBB •■■BBIBBBB ■■■!■■••■• •■■ I • IBB Bl ■■■■■■■■■ B  ■ 


■BBBB IBB BBIBBBB ■■■■■ IB ■■■ BIBBB I ■•••■■■■•■ Bl ■ B I ■■ ■■ ••■■•■■■•■ •■■■!■■■ I I ■■■■■■■■ BIB B •■■■■■■••■■■■ BBBBB BBBBB ■■■■■ ■■■■■ BBBB* 
BBBBBfBBBB BBBBB BBBBB ■■■ Bl IBBBB ■■•••■■■■• ■ II ■ BBBIB Bit BB ■ I ■ ■■ I IIBIIIII  <■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ <> ■■■•■■■■■■■•■■■Bl 
BBBBB fit BBB BBBBB •■■■■ BBBBBBBBBBBBBBB ■■■■• IBBBB • ■ ■■■ SB ■ IB BB ■■• ■ BBIB BBI  .«•■■■ B I BIBB IBIB ■•■■■■ BBBBB BBBIB •»  -MIIIIIIIBIIBIBIB 
•«■■•  BBBBBBBBBB  ■■■■•■■■•■*••■••••■■  •■■■•!  ■■■•••■■••■■•■■  mi  •■■••••■_«  BBBBB  BBBBB  ■■•■■■■■•■  •■■■•■■■■■■■  ■■■■■■■■■■■■■■■>• 
iBfBBBfBBBB BBBBB •■•■••• ■■•■■•••■■■•■••■ BIB BBS BBS BBB I •■ B ■■■■ B 1 B BIBB ■ IB ■ B BBBBBB BBI B BIBBB BBI Bl B BIBB BBBIB •("■■■■■■■IBIBB IBIBB 

!■■■■•  IBBII  •■•■■■•■•••■■■  BBBBB  I  BB  BBI  •••■•■  B  BBB  Bl  ■■  I  •  BBBB  •■  BBI  ■■■■••BBBI  BBBBB  ■■■•■■■■■■■■■■■  BBIBB  BBBBB  •■■■■■■•■■■■■■■■■■■■ 
■  ■BBB BBBBB BBBBB IBB ■• IIIIB  I'll ■ BBBBBBBBBBIIBBBBBBBBI ■■■■• B I  I BBB 1 1 ■■■■■■■■• I ■■ I ■■■• ■■■■ I BBBBB B SB IB BBBBBBBBBB BBBBBBBBBB 
FTBBBUBBBB BBBBBIBB BIBBB BBBBB BBBBBB BBBBBB IB ■•■■■••• BBBBB BBBIB BBBBB BBBBB •••••■•■■■•■■•• BBBBB ■•■•■••■■• BBBBBBBBBB BBBBBBBBBB 

I  ••■■•• BBBB IBBBBIBBBB IBBBB I B IB  B  BBBBI IBIBB  BBBBI IBBBI I II IBBBBB! BBBBIIBBBB  BBBBB ■•■•• BBBBBBBBBB  BBBBBIBBBB  BBBBB  BBBIB  BBBBBBBBBB 
■■■■MMIIlBIIIIII«IIBIIIIBIBIIMIIIIEillllllllBimil>MIIMBIIIIIIIIIIIMIUIIIIIIIIIUIIiBB|BimiillBIIBIIIIBi||||li||U|||||| 
BBBBBBtft  ■■•■■■■■■  •BBBBBSBBB BBBBBBBBBB BBBBB BBBBI BBBBB BBBBI IBBBB •■■■•• BBB I ■■•■■■■■■«■■■■■•■■■■■■■■■■■■■■■■■•■■••■■■■■■• ■■■■■■■■Bi ■■■■■■■■■• 
VflailinMBIBBlIBBI  BBBBBBBBBI  BBBBB  ■■■■■■■•■■  BBBBB  BBB  IB  IBBBI  111  IB  I  BBBB  I  ■  III  ■  IB  BBB  ■■  BBI  BBBB  ■■■■■■•■■■■  ■■■■•  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB 

MIBBillMlBMUBin  ••••••■••••••••••••■••••■••■••••■•••■■••  ■■■■•■  BBBB  •  •■•••  •••••••••••••••■•■■••■■■■■•■■•■■■■■■■•■■ 

I  BBBBB  BBBBB  •■*•••■•■•  IBBBB  ■■■■■  ■•*■•■■■■•■■■■■■•■••■■■■••■■■■  ill  ■•  BBBBB  •■•■•■■••■•■■■  ■•■•■*  •■•■•  BBBBB  ■■■■■■■■■•  •■%■■  BBBBB  ■■■■■■*•■■  •«■•■•■••* 
IBBBB  BBBBBaailBBBBB'  'BBBBBBBBr  '••IBBBBBBBBBB  BIBB'  •  IIBIIIBB'  ■  BBBBBBBI’  .  ■■■■•■•■  IIIBMIlf'  7BBBBBBBBT  '■■■■■■■•'  >'BBIBBIBBI  ■■■■■  BIBBB  BBIBB  BBIBB 
BIBBB BBBBB ■••■■■ilBB *BBBBBBBBB  'BBBB BIB BI  'BIBB ■■■ •'  '■■•••■■■■ 'BBBBBBBBr  •■■■■•■BBf '••BBIBBPI  aiBBBIBBk  ’.BBBB BIBBI 'BBB BBBBBB ■■■■•■■■■■■■■■■ BBBBB 


'■■■r 


BBBBI BBBBB IBBBBBIBIk  .1 •■■ llllk .BBBBBBB BV  .■■•■•■■■*-■•■■•■■■•.  ■•■■••■■i  •■■■•■■■ 

BBBBB  BBBBBBBBBBBBBBt  •  IBM  BBBB  ■  ’  BBBB  BBBB1'  IBBBB  .  ■■■•■■■■' 

■  MSB  BBBBB  IB  BBBiBbb-  *«■•■■•■■'  I  I  BBBBBBB*  f  IBBB  IBBB*  «  ■  BBB  BBBI'  1 1  BIB  BBBBB  >■■■■■■•*.  .«««UHB-  -BBBB  ••■•»  BBBBB  BBBBB  BBBBB  ■•■■■  BBBBB  BBBBB  ■■■•■■■•■•  fl 
»#Bj^MrtBBBBBBB«UMJJB«MBBBjJfc  JBJBBBBBJ^BBBBBBBBj^BBBBBBBBnJBBBBiB^^BBiBBBBBnBBBgBBBnBBBBBBBBnBBBBMBBr^BBBBBBBBBBBBBBBBBBBBBBBBBBBBBj 


>!!!!! !!!!!!!!!!!!!!;!!!!!•!!!! I 


flflflflSOTBVMMMMMMOTWIflflVWWh  jbbbibbbj  (■iiiiBBikllHIlIPBIIIMBMIlllPHHHBHMIlM 

■■■■■■■■■I  •••■■BIBBI  BIBBB  BBIBB  IBB  IB  IBIBB  IBBBB  BIBBB  ■■■■■■I  BBB  IBBBBIBBBB  ■■■■•■■■■mi  ■  ■  1 1 1  ■  •  ■  ■  ■  ■  1 1 B  •  •  B  BBBB  BIB  >  ■ 

BBBBB  ■■■■■  BBBBBBMBB  BBBBB  ■•■■■■■■■■  BBBBB  BBBBB  BBBBB  BBBBB  ■  BBBB  ■■■■■•■■■•■■•■•■■■■■  SB  ■■■■■■■■  BBB  BBBBBBB  BBBBB  BBSli  BBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  | 
BBBBBBBBBB  •••■■  BBBBBB  BBBBBBBBBB  •••••  BBIBB  ■••■•■••■■  BBBBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBB  ■■•■■■■••■  BBBBB  •■■•■■■■■■••■■■  BBBBBBBBBB  BBBBBBBBBBfl 

BBBBB  BBBBB  BBBBB BWBBBBBB BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBB  ■■  BBBBB  BBBBB  trBMBBBBBBaBaBBBBBBBBBBBflaBBBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBMMMHBfl 
•  ■BBS  BBB  ■■■•■■•  ••BBBBBBBI  BBBBB  IIUIIIItllllllllltiMllkMMHMM^H 
BBIBB IBBM BBBBB BBBfB IBBBB BBBBI BBBBB •••••••■■« BBBBB BIB B§ 

BMBIMAlBBBBi* IBBBI •••••  B ■■■•  li l ■•  ■  I m  ■■•••■■■■■  •  ■■  1 4 

■MMMMMiMMMMiM — UUMMIIIi  bbbbbbbbibbbb  a 

I  .•mimimnlWTiin 

II— — — — — — — — — — fl— — fl—  B  BBBBBBBBBB  BBBBB ■■•■■•■■———— — — — — — — ^ 

liiiBi  Mini iiiii bbbbb ■■■■■■*■■ i i bbbb iaii ■■•*■■■■■•■•■•■■ ••■ bbbbbbbbbbbbbbbI ii ■■■! iiiiiiiiiai 
I  BBBBBBB  MB  BBBBB  ■■■■■  BBBBB  BBBBB  ■■■■■  IBBBB  MilIBHBIBiBIIIBtBI  IBBBB  «■  BBB  BBBBB  BBBBB  BBBBB  BBBBBB 
|  B*BBB  M**a  BB**B  IBBBB  BBBBB  BBBBI  BBBBI  BBB*JI  BBBBB  BBBBB  BBBBBBBBBB  «  BBBB  IBBBI  BBBBB  BBBBI  BBBBB  BBBBB  B| 


BBBBB  BBBBB  BBBBBBBBBB  IBBBB  ■  BBBB  BBBBB  BBBBB  BBBBI 
■■■■■■■MB  BBBBB  BBBBB  BBBBB  BBBBBBBBBBBBBBB  BBBBI 
•BBBB  BBBBB  BBBM  MIBB  BBBBB  BBBBB  BBBBBBBBBB  BBBK 
BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  IBBBB  IHIHIIH  |BBBI 


71 


7 


72 


Figure  51.  Temperature  Time  History  -  0  GPM 


Figure  52.  Temperature  Time  History  -  2  GPM 


Figure  53.  Temperat  ±re  Time  History 


Figure  54.  Temperature  Time  History  -  6  GPM 
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Figure  56.  Temperature  Time  History  -  10  GPM 


Figure  57.  Startup  Characteristics  -  0  and  2  GPM 
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igure  59.  Startup  Characteristics  - 
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characteristics  of  the  Vickers  Motorpump  at  various  flow 
rates  within  the  operating  range  of  the  unit. 

The  effect  of  the  pressure  feedback  within  the  pump 
is  illustrated  by  the  damped  oscillation  of  the  rising 
pressure  waveform  at  all  flow  rates  below  10  GPM. 

The  time  to  reach  maximum  developed  pressure  is  ap¬ 
proximately  1.2  seconds  and  is  relatively  independent  of 
any  flow  restriction. 

2.4.5  Loaded  Actuator  Test 

Fig.  60  through  62  show  the  temperature  time  history 
of  the  Vickers  Motorpump  device  when  the  assembly  was  used 
to  power  the  simulated  aerodynamic ally  loaded  F-4  stabila- 
tor  actuator. 

The  figures  ^illustrate  the  large  effect  duty  cycle 
has  on  the  effective  rate  of  temperature  rise  of  the  Vic¬ 
kers  Motorpump  and  connected  system.  By  comparing  Fig. 

61  with  Fig.  52  it  is  evident  that  the  rate  of  temperature 
rise  for  operating  in  the  steady  state  blocked  flow  mode 
'is  comparable  to  that  achieved  at  a  cyclic  rate  of  0.5  Hz 
and  +  1  inch  deflection. 

By  comparing  Fig.  62  and  63  with  Fig.  53  it  is  apparent 
that  the  rate  of  temperature  increase  at  larger  strokes  of 
+  2  and  +  2-1/4  inch  deflection  is  considerably  lower  than 
that  developed  by  continuous  operation  at  2  GPM  or  higher 
flow  rates. 

The  selected  cyclic  rate  of  0.5  and  the  limited 
flow  from  the  Vickers  Motorpump  resulted  in  a  maximum  stroke 
of  +  2.25  inches  for  this  test  series. 


Figure  61.  Temperature  Time  History  -  +  2  Inch  Deflection 
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Figure  62.  Temperature  Tijne  History  -  +  2.25  Inch  Deflection 


2.5  Conclusions 


2.5.1  The  Vickers  Motorpump  is  suitable  as  a  potential 
emergency  hydraulic  power  source  for  use  in  critical  or 
sensitive  portions  of  an  aircraft  flight  control  system. 

2.5.2  The  motor  portion  of  the  package  will  run  under 
load  with  input  voltages  as  low  as  140  volts  leg  to  neu¬ 
tral  with  very  little  heat  buildup. 

2.5.3  The  Vickers  Motorpump  will  not  start  if  the  iriput 

voltage  is  less  than  180  volts  leg  to  neutral  and  the) 
steady  state  flow  demand  is  less  than  2.0  GPM.  ^ 

2.5.4  The  pressure  compensation  system  within  the  Vickers 
Motorpump  is  effective  in  maintaining  a  reasonable  constant 
pressure  characteristic  within  the  nominal  operating  range 
of  0  -  8  GPM.  The  pressure  droop  is  characteristic  of  a 
differential  cut  off  type  pressure  compensation  mechaniza¬ 
tion. 

2.5.5  The  probable  temperature  rise  characteristic  of  the 
Vickers  Motorpump  operating  as  an  emergency  hydraulic  power 
source,  lies  between  the  blocked  flow  characteristic  curve 
(level  flight,  little  control  input  required)  and  the  2  GPM 
steady  state  flow  condition. 

2.5.6  The  start  up  time  of  1.2  seconds  is  sufficiently 
long  that  the  effect  of  the  delay  on  control  loss  should 
be  evaluated  in  any  application  of  the  package  as  an  emer¬ 
gency  system. 

>■’ 

2.6  Recommendations 

2.6.1  The  Vickers  Motorpump  Should  be  modified  to  incor¬ 
porate  the  manufacturers  electrical  pressure  cut  off  to  per 
mit  the  device  to  start  at  very  low  line  voltages  with  very 
little  internal  pressure  buildup.  This  modification  will 
permit  the  user  to  utilize  the  excellent  reduced  voltage 
operating  tolerance  of  the  device  after  start-up. 

2.6.2  The  system  to  which  the  Vickers  Motorpump  will  be 
adapted  should  incorporate  a  properly  sized  accumulator  to 
fulfill  surge  flow  demands  beyond  the  normal  capability  and 

.  response  of  the  motorpump  and  limit  the  pressure  surges 
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within  the  system. 

^6.3  To  prevent  a  temporary  control  loss  due  to  the 
dtart  up  time  of  the  package,  it  is  recommended  that  the 
pump  be  started  before  engagement  as  an  emergency  system 
is  required.  The  package  could  be  run  with  the  pump  out¬ 
put  bypassed  (giving  the  least  heat  buildup)  and  when  re¬ 
quired,  be  switched  out  of  bypass  using  a  high  speed  sole¬ 
noid  valve. 
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3.  EVALUATION  OF  THE  POLARIS  INTEGRATED  ACTUATOR  PACKAGE 

The  Pol; ris  actuator  was  manufactured  by  Hydraulic 
Research  and  Manufacturing  Company,  Valencia, ►  California. 
Lockheed  Aerospace  Company,  Burbank,  California,  used  the 
actuator  to  provide  the  necessary  control  forces  to  steer 
a  Polaris  missile  during  the  ascent  portion  of  the  flight 
envelope.  The  required  operating  life  of  the  device  was 
less  than  20  minutes. 

3.1  Device  Description 

The  Polaris  integrated  package  actuator  is  shown  in 
Fig.  63.  Hydraulic  power  is  developed  by  a  fixed  displace¬ 
ment  piston  pump  which  is  driven  by  a  totally  enclosed 
28  volt,  2  HP  DC  motor.  A  flapper  nozzle  servovalve  with 
a  maximum  flow  gain  of  0.92  GPM  <?  3000  psi  and  18  ma  con¬ 
trols  the  flow  to  the  actuator  portion  of  the  assembly  in 
response  to  drive  signals  from  an  external  servoamplif ier. 
The  actuator  has  an  effective  area  of  0.99  in^  which 
results,  in  a  maximum  slew  rate  of  3.54  in/sec. 

Position  (feedback  from  the  actuator  is  provided  by  an 
internal  LVDT  lassembly  which  has  an  open  circuit  output  of 
4  volts/inch  with  24  vclt,  400  Hz  excitation.  The  piston 
pump,  actuator  and  feedback  transducer  are  assembled  with¬ 
in  a3past  aluminum  housing.  The  housing  also  contains 

(1)  a' reservoir*  volume,  which  is  pressurized  by  a  boot¬ 
strap  piston  coupled  to  the  pressure  output  from  the  pumps, 

(2)  a  return  pressure  relief  valve,  (3)  a  high  pressure 
cut-off  switch,  (4)  a  reservoir  fluid  level  switch  to  pre¬ 
vent  operation  of  the  device  if  the  reservoir  volume  is  not 
within  limits,  and  "(5)  a  metering  rod  to  indicate  the  level 
of  fluid  contained  in  the  bootstrap  reservoir. 

3.2  Test  Purpose 

The  Polaris  integrated  package  actuator  performance 
capability  must  by  nature  of  the  design  be  dependent  on  v 
the  integral  quality  of  the  DC  power  source.  Furthermore, 
the  high  density  high  energy  packaging  technique,  repre¬ 
sented  by  the  Polaris  actuator  and  typical  of  most  limited 
life  fluid  media  integrated  actuator  designs,  tends  to 
reduce  the  operational  life  of  the  mechanization.  This 
is  caused  by  breakdown  of  the  limited  quantity  of  working 
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fluid,  failure  of  static  and  dynamic  seals  due  to  high 
temperature  operation,  and  deterioration  of  internal 
electrical  assemblies  such  as  torque  motors,  solenoids, 
and  displacement  transducers  as  a  result  of  their  proxi¬ 
mity  to  or  assembly  within  the  hot  actuator  body. 

The  Polaris  test  schedule  was  developed  to  evaluate 
the  design  integrity  and  useful  life  of  the  pump,  servo¬ 
valve  motor,  , seals,  etc.  under  conditions  more  typical 
of  an  application  of  the  Polaris  device  than  to  a  fly-by¬ 
wire  flight  control  system  for  a  manned  aircraft.  There¬ 
fore,  the  purpose  of  the  Polaris  test  series  is: 

1.  Determine  the  change  in  the  nominal  per¬ 
formance  characteristics  of  the  actuator 
when  the  DC  supply  voltage  is  increased 
or  decreased. 

2.  Determine  the  effects  of  prolonged  opera¬ 
tion  of  the  actuator  under  continuous 
cyclic  conditions. 

3.3  Test  Stand  Description 

The  Polaris  integrated  package  actuator  was  connected 
to  the  test  stand  shown  diagrammatically  in  Fig.  64.  The 
28  volt  DC  source  was  monitored  with  voltage  and  current 
meters.  Voltage  drop  in  the  DC  supply  to  the  motor  was 
minimized  by  the  use  of  a  galvanometer  type  current  meter 
and  meter  shunt. 

Due  to  the  prolonged  test  schedule,  "it  was  neces¬ 
sary  to  connect  an  external  hydraulic  source  to  the  Polaris 
actuator  to  circulate  cooled  hydraulic  fluid  through  the 
Polaris  actuator  pressure  connection  upstream  of  the  boot¬ 
strap  reservoir.  The  circulating  fluid  was  then  returned 
to  the  external  hydraulic  source  via  a  fitting  inserted 
in  place  of  the  low  pressure  relief  valve.  This  recircu¬ 
lating  fluid  loop  continuously  bypassed  a  portion  of  the 
working  fluid  through  an  external  heat  exchanger.  The  ac¬ 
tuator  body  temperature  was  maintained  at  110°C  (limited 
by  hydraulic  fluid  characteristics)  by  adjusting  the  flow 
control  valve  inserted  in  series  with  the  actuator.  The 
status  of  the  recirculating  cooling  loop  was  monitored 
with  a  low  pressure  gage  and  flowmeter. 
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The  internal  linear  variable  differential  transformer 
was  excited  from  a  24  volt  RMS,  400  H2  single  phase  supply. 
The  transducer  output  (4  volts/inch  open  circuit)  was  de¬ 
modulated  with  a  ''Collins'*  diode  ring  demodulator  and  fil¬ 
tered  with  the  second  order  time  lag  network.  The  filter 
was  designed  to  have  a  -3  db  break  point  at  30  Hz;  an  order 
of  magnitude  above  the  calculated  frequency  response  of 
the  closed  loop  servo  system  assembled  to  drive  the  Polaris 
actuator.  The  complete  Polaris  test  stand  is  shown  in 
Fig.  65.  # 

The  transducer  gain  after  demodulation  and  filtering 
(2.85  volts/inch)  and  the  known  flow  gain  of  the  Polaris 
servovalve  were  used  to  calculate  the  servoamplifier  gain 
required  to  provide  a  closed  loop  servo  response  of  3  Hz 
at  the  -3  db  break  poinc. 

3.4  Test  Schedule  Description 

3.4.1  Dynamic  Response  vs.  Applied  Voltage 

The  Polaris  test  stand  servoamplifier  was  driven  with 
a  sinisodial  input  from  a  function  generator.  The  function 
generator  provided  a  second  output  identical  to  that  applied 
as  an  input  signal  with  the  exception  that  the  phase  of 
this  signal  could  be  adjusted  to  lead  or  lag  the  input 
signal  to  the  Polaris  test  stand.  The  amount  of  phase  lead 
or  lag  could  be  read  directly  from  a  calibrated  dial.  The 
frequency  of  the  input  signal  was  swept  from  0.1  Hz  to 
10.0  Hz.  The  amplitude  of  the  input  signal  was  established 
at  a  l<evel  below  that  which  would  cause  saturation  in  the 
servpamplifier  or  servovalve  at  0.1  Hz. 

The  Polaris  integrated  package  actuator  amplitude 
degradation  relative  to  a  zero  db  poinc  of  0.1  Hz  was  de¬ 
termined  by  monitoring  the  displacement  transducer  feed¬ 
back  signal  at  the  output  of  the  filter  network. 

.  The  phase  shift  characteristics  of  the  Polaris  servo- 
actuator  system  was  readily  established  by  adjusting  the 
function  generator  phase  shifted  output  to  obtain  a  Lissa- 
jous  pattern  on  an  oscilloscope  which  was  indicative  of 
zero  relative  phase  shift.  The  actual  phase  shift  at  a 
given  frequency  was  then  read  directly  off  the  calibrated 
dial  on  the  function  generator. 

The  dynamic  response  of  the  Polaris  integrated  actuator 
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Figure  65.  Polaris  Test  Stand 


was  initially  evaluated  at  nominal  input  conditions  of 
27  volts  DC,  The  test  was  repeated  for  applied  voltages 
of  22  and  32  volts  DC. 

3.4.2  Dynamic  Life  Test 


The  Polaris  integrated  package  actuator  was  operated 
with  a  3  Hz  sinusoidal  input  signal  and  nominal  applied 
voltage.  The  amplitude  of  the  input  signal  was  adjusted 
to  the  maximum  possible  level  that  would  not  cause  satura¬ 
tion  effects.  The  DC  motor  operating  conditions  (voltage 
and  current),  the  actuator  body  temperature,  and  the  ac¬ 
crued  operating  time  were  monitored  and  recorded  through¬ 
out  the  test. 

The  Polaris  integrated  actuator  was  run  continuously 
on  a  day  to  day  basis.  The  dynamic  response  of  the  actua¬ 
tor  was  reevaluated  weekly  and  the  test  was  continued  until 
the  actuator  incurred  a  complete  failure. 

3.5  Test  Results 

The  operation  of  the  Polaris  actuator  became  erratic 
during  the  initial  evaluation  of  the  nominal  dynamic  res¬ 
ponse  characteristics.  The  problem  was  diagnosed  as  ran¬ 
dom  speed  variations  of  the  DC  motor.  An  inspection  of 
the  motor  indicated  that  the  soldered  electrical  contacts 
had  broken  as  a  result  of  the  heat  buildup  in  the  totally 
enclosed  electric  motor. 

« 

The  motor  had  been  operated  for  at  least  83  minutes 
before  the  problem  occurred,  whereas  the  required  opera¬ 
ting  life  for  the  actuator  for  the  Polaris  missile  appli¬ 
cation  is  only  17  minutes. 

The  connections  were  resoldered  and  the  motor  cover 
was  trimmed  and  shaped  to  permit  attachment  of  an  external 
blower  and  duct  work  to  direct  a  large  flow  of  air  through 
the  motor  enclosure. 

3.5.1  Dynamic  Response  vs.  Applied  Voltage 

Fig.  66  is  a  plot  of  the  dynamic  response  of  the 
Polaris  integrated  actuator  under  nominal  power  input 
conditions.  The  dynamic  response  referred  to  the  -3db 
break  point  was  3.5  Hz  with  a  servoamplifier  gain  of  9.5 
ma/voit.  The  actuator  deflection  was  +  0.33  inches  at 
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Fig.  67  shows  that  the  dynamic  response  characteris¬ 
tics  did  not  change  when  the  applied  voltage  was  increased 
to  32  volts.  However,  Fig.  68  shows  that  the  dynamic  res¬ 
ponse  decreased  co  2.5  Hz  at  the  -3  db  point  when  the  ap¬ 
plied  DC  voltage  was  reduced  to  22  volts.  This  degrada¬ 
tion  was  accomplished  by  saturation  effects  which  made  it 
necessary  to  reduce  the  amplitude  of  the  driving  signal. 

This  characteristic  is  to  be  expected.  The  speed  of 
the  DC  motor  is  proportional  to  the  applied  voltage.  Thus 
a  reduction  in  the  applied  voltage  will  cause  a  reduction 
in  the  flow  of  hydraulic  fluid  from  the  internal  pump  and 
a  corresponding  drop  in  the  linear  velocity  limit  of  the 
servovalve.  The  input  signal  was  previously  established 
just  below  saturation  level.  Therefore,  the  actuator 
motion  will  now  be  nonlinear,  as  indicated  by  the  distorted 
(saturated)  waveform  observed  at  the  LVDT  filter  output 
terminals  when  the  voltage  applied  to  the  driving  motor 
was  reduced  to  22  VDC. 

3.5.2  Dynamic  Life  Test 

The  Polaris  integrated  package  actuator  operated  con¬ 
tinuously  for  213  hours  without  any  significant  change  in 
the  performance  characteristics.  Total  failure  occured 
at  this  time  as  a  result  of  the  complete  consumption  of 
the  carbon  brushes  in  the  motor.  There  was  no  indication 
of  any  abnormal  seal  leakage,  wear  or  power  input  fluctua¬ 
tions  during  the  period  of  the  test. 


*3 


3.6  Conclusions 


3.6.1  The  DC  driving  mocor  of  the  Polaris  integrated 
actuator  will  operate  effectively  over  an  applied  vol¬ 
tage  range  of  24-32  volts  DC  with  no  significant  change 
in  the  performance  characteristics  of  the  Polaris  ac¬ 
tuator.  The  service  life  of  the  mechanism  is  limited 
by  the  pump  motor  design  and  construction;  however,  the 
actual  service  life  is  very  conservative  in  consideration 
of  the  17  minute  operating  life  specification. 

3.6.2  With  the  exception  of  the  DC  motor,  the  component 
hardware  packaged  within  the  Polaris  actuator  assembly 
demonstrates  the  anticipated  conservative  life  expectancy 
typical  of  servohydraulic  hardware. 

3.7  Recommendations 

The  following  recommendations  are  offered  in  consi¬ 
deration  of  the  modifications  that  would  be  required  to 
use  the  Polaris  actuator  for  aircraft  fly-by-wire  flight 
control  systems. 

3.7.1  The  Polaris  integrated  aefuator  pump  motor  should 
be  changed  to  a  400  Hz  sychronous  desigft  to  eliminate  a 
large  majority  of  the  heat  generated  by  .the  internal  resis¬ 
tance  losses  typical  of  a  low  voltage  high  current  DC  motor. 
An  additional  and  very  important  benefit  as  a  result  of 
this  recommended  change  will  be  to  substantially  increase 
the  service  life  of  the  entire  assembly. 

3.7.2  The  Polaris  integrated  actuator  should  be  equipped 
with  a  forced  convection  head  exchanger  to  dissipate  the 
energy  imparted  to  the  hydraulic  fluid  at*a  rate  sufficient 
to  result  in  a  stabilized  actuator  body  temperature  of 
250°F.  The  blower  for  the  heat  exchanger  should  be  driven 
from  the  same  prime  mover  that  powers  the  hydraulic  pump. 

3.7.3  The  modified  Polaris  actuator  should  be  requalified 
for  flight  test  evaluation. 


4.  EVALUATION  OF  THE  McDONNELL  DOUGLAS  FBW  SYSTEM 

The  McDonnell  Douglas  FBW  system  (Ref.  3)  was  designed 
as  a  laboratory  model  demonstrator  of  a  single  axis  redun¬ 
dant  fly-by-wire  flight  control  system. 

The ' objective  of  the  McDonnell  Douglas  FBW  program 
was  to  design,  fabricate,  and  evaluate  a  fly-by-wire  flight 
control  system  compatible  with  the  flight  control  require¬ 
ments  of  aircraft  of  advanced  design.  An  additional  require¬ 
ment  was  that  the  system  offer  a  potential  for  significant 
improvement  in  reliability  over  currently  proposed  elec¬ 
trical  flight  control  systems. 

The  McDonnell  Douglas  FBW  system  evaluated  in  this 
section  of  this  report  was  developed  under  USAF  Contract 
AF33  (615) -8958,  under  the  direction  of  the  Flight  Dynamics 
Laboratory,  WPAFB,  Dayton,  Ohio.  The  effort  was  completed 
in  July  1968. 

4.1  General  System  Description 

The  McDonnell  Douglas  triple  redundant  FBW  flight 
control  system  is  an  elec trohydrautic  single  fail  operate, 
median  select  mechanization  which  controls  the  position 
of  an  actuator  in  response  to  flight  control  commands 
originating  at  a  pilot's  control  stick.  The  system  evalu¬ 
ated  and  reported,  in  this  section  of  this  report  is  shown 
in  simplified  form  in  the  schematic  diagram  of  Fig.  69. 

The  principal  parts  of  the  system  are:  an  electrohydraulic 
servoactuator  which  can  accept  three  electrical  signal 
inputs,  three  channels  of  electronic  demodulators  and 
servoamplifiers  and  four  sets  of  LVDT  triple  tandem  posi¬ 
tion  transducers. 

System  operating  and  monitoring  is  provided  by  a 
switch  matrix  and  instrumentation  installed  in  a  control 
console  shown  in  Fig.  70.  The  console  also  houses  the 
channel  electronic  mocules  and  a  patchboard  where  all 
system  interface  connections  were  made. 

In  addition,  the  servoactuator,  pilot  control  stick 
and  feel  system,  and  a  moveable  surface  and  actuator  load 
system  were  mounted  in  a  large  test  bed  frame  shown  in 
Fig.  71. 
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Figure  70.  Control  Console 
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Figure  71.  Test  Bed  Frame 


4.2  Mechanization  Description 
4.2.1  Pilot's  Control  Stick 


Control  inputs  are  applied  to  the  pilot's  control 
stick.  The  movement  of  the  control  stick  is  restricted 
bj'  a  spring  and  rate  damper  to  simulate  the  "feel"  charac¬ 
teristic  of  a  small  fighter  aircraft. 

o  The  movement  of  the  lower  end  of  the  control  stick 

is  converted  into  three  identical  electrical  signals  by 
a  triple  tandem  LVI?T  position  transducer  attached  between 
the  control  stick  and  the  base  of  the  mounting  platform. 
The  output  of  the. LVDT  is  a  400  K2  waveform  varying  in 
amplitude  and  polarity  in  resDonse  to  pilot  inputs. 

4.2.2  Control  Channel  Electronics 


The  McDonnell  Douglas  FBW  system  contains  three  iden¬ 
tical  control  channel  electronic  modules.  Each  module 
contains  five  synchronous  demodulators,  a  voltage  ampli- 

m  .  —  —  _  ^  m  m  _ ^  ^  ^  ^  ^  ^ 

tier  anc  summer  ana  a  sejuvuvatve  cnve  oz  cullcuu  <im pi-L- 
fier.  In  addition,  each  module  also  contains  the  DC  sup¬ 
plies  cor  rhe  servoamplifiers  and  the  excitation  source 
for  the  LVDT -assemblies. 


The  three  electrical  signals  developed  by  the  con¬ 
trol  stick  LVDT  assembly  are  synchronously  demodulated  by 
a  "chopper"  driven  from  LVDT  excitation  source1-.  ’The  "chop¬ 
per"  output  is  an  800  Hz  full  wave  demodulated  waveform 
that  varies  in  amplitude  and  polarity  in  response  to  pilot 
control  inputs. 

r 

The  demodulated  control  stick  signal  and  the  nega¬ 
tive  feedback  signals  from  the  servoactuator  are  summed 
algebraically  at  the  input  to  che  channel  electronic  vol- 
,tage  amplifiers.  The  resulting  error  signal  is  amplified 
and  converted  to  a  current  output  in  the  valve  drive  or 
current  amplifiers.  Therefore,  the  channel  electronics 
output  is  three  very  nearly  identical  current  drive  sig¬ 
nals  proportional  to  the  difference  betweeh  the  commanded 
position  of  the  hydraulic  actuator  and  the  actual  position 
"  achieved.  .  ** 
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4.2.3  Servovalve 


The  current  signals  from  the  control  channel  elec- 
trord.cs  are  applied  to  three  separate  jet  pipe  servovalves. 
The  current  drive  results  in  a  displacement  of  the  arma¬ 
tures  of  the  torque  motors  and  attached  jet  pipe  which 
creates  a  differential  pressure  across  the  discharge  ports 
of  the  servovalve.  The  differential  pressure  is  propor¬ 
tional  to  the  current  input  to  the  servovalve. 

The  flow  of  pressurized  hydraulic  fluid  to  the  servo¬ 
valve  is  controlled  by  a  solenoid  actuated  shut  off  valve. 
When  activated,  the  shut  off  valves  block  the  flow  of  hy¬ 
draulic  fluid  to  the  servovalve  and  bypasses  the  servo¬ 
valve  jet  pipe. 

4.2.4  Modulating  Piston 

The  differential  pressure  output  of  each  of  the  three 
jet  pipe  servovalves  is  directed  to  one  of  three  "modula¬ 
ting”  pistons.  Each  modulating  piston  assumes  a  position 
where  the  force  generated  by  the  differential  pressure  ap¬ 
plied  to  tie  effective  area  of  the  piston  is  just  balanced 
by  the  resisting  force  of  the  centering  springs  and  coupled 
loads . 

* * 

The  position  of  each  modulating  piston  is  sensed  by 
an  LVDT  assembly.  The  LVDT  electrical  signal  is  fed  back 
to  the  respective  channel  electronic  module  where  it  is 
demodulated  and  subtracted  from  the  control  stick  input 
to  form  the  inner  loop  of  the  servomechanism. 

4.2.5  Veter  Mechanism 

The  movement  of  each  modulating  piston  is  coupled 
to  one  arm  of  the  unique  "voter"  mechanism  shown  in  Fig. 

72.  This  device  mechanically  selects  one  of  the  three 
driving  channels  and  transmits  the  selected  channel  modu¬ 
lating  piston  movement  to  the  hydraulic  actuator  control 
valve . 


The  voter  arms  that  couple  the  modulating  piston  to 
the,  voter  output  shaft  carry  along  a  cantilever  spring 
loaded  roller  cam  which  engages  a  machined  groove  in  the 
voter  mechanism  output  shaft.  The  rollers  are  preloaded 
into  the  groove  and  exhibit  a  detent  characteristic  for 
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very  small  angular  deflections  of  the  voter  arms  as  shown 
in  Fig.  73.  Angular  deflections  greater  than  .01  radians 
cause  the  roller  to  break  out  of  the  cam  groove. 

The  voter  arm  torque  input  to  cause  voter  arm  move¬ 
ment  must  exceed  the  threshold  or  breakout  value  defined 
by  the  geometry  of  the  cam  groove  and  the  preload  force 
of  the  voter  arm  cantilever  spring.  Furthermore,  the 
cam  geometry  limits  the  torque  applied  to  the  voter  out¬ 
put  shaft  by  any  one  voter  arm  to  a  value  equal  to  the 
breakout  torque  and  effectively  maintains  this  torque 
level  throughout  the  nominal  range  of  angular  movement 
of  the  voter  arm. 

Normal  interchannel  tracking  errors  between  the  three 
identical  control  channels  and  the  effects  of  the  system 
dynamic  characteristics  will  result  in  a  random  and  con¬ 
tinually  changing  distribution  of  the  voter  arm  rollers 
about  the  center  of  the  cam  groove.  The  voter  output 
shaft  will  continuously  follow  the  movements  of  the  voter 
input  arms  and  will  always  assume  a  position  of  torque 
equilibrium  for  which  the  summation  of  torques  applied 
by  the  voter  arms  and  reflected  loads  is  equal  to  zero. 

The  voter  mechanism  output  shaft  will  follow  the 
movement  of  the  median  positioned  voter  arms.  The  voter 
arms  that  are  not  perfectly  synchronized  and  de tented  in 
the  cam  groove  will  be,  positioned  on  either  side  of  the 
cam  groove  such  that  their  respective  torque  inputs  are 
equal  in  magnitude  but  opposite  in  direction  and  self¬ 
cancelling. 

The  control  of  the  position  of  the  voter  output  shaft 
will  continually  pass  from  one  channel  to  another  as  the 
voter  system  (modulating  pistons,  voter  arms,  voter  out¬ 
put  shaft  and  actuator  slide  valve)  responds  to  the  dynamic 
characteristics  of  the  mechanization. 

The  reader  is  referred  to  the  detailed  description 
of  this  unique  median  select  mechanization  in  reference  1. 

4.2.6  Slide  Valve 


The  voter  mechanism  output  shaft  movement  is  coupled 


to  a  dual  tandem  coaxial  four  way  slide  valve  which  me¬ 
ters  the  flow  of  hydraulic  fluid  tc  the  actuator  from  two 
separate  sources. 

The  slide  valve  is  a  two  spool  staged  design.  The 
voter  mechanism  output  shaft  engages  a  primary  inner  spool 
which  is  free  floating  (not  spring  centered) .  The  outer 
spool  is  positioned  to  a  neutral  position  within  the  valve 
housing  by  a  set  of  centering  springs.  The  inner  spool 
picks  up  the  outer  spool  midway  through  the  total  stroke 
of  the  slide  valve  and  the  two  spools  are  driven  in  uni¬ 
son.  The  unique  vaive  feature  prevents  blocking  of  the 
actuator  motion  due  to  valve  jamming.  Fig.  74  shows  the 
assembled  control  valve. 

4.2.7  Control  Surface  Actuator 

4. 

The  control  surface  actuator  is  a  dual  tandem  hy¬ 
draulic  cylinder.  The  nominal  operating  pressure  is 
3000  psi.  The  effective  area  of  each  cylinder  is  1^065 
in. ^  and  the  stroke  is  3.300  inches.  The  hydraulic  ac¬ 
tuator  also  houses  a  triple  tandem  LVDT  position  trans¬ 
ducer  which  generates  an  electrical  signal  analogous  to 
the  position  of  the  hydraulic  actuator. 

The  output  of  each  of  the  three  actuator  LVDT  as¬ 
semblies  is  fed  back  to  the  respective  channel  electronic 
module  where  it  is  demodulated  and  subtracted  from  the 
pilot  input  at  the  summing  junction  of  the  voltage  ampli¬ 
fier,  thus  forming  the  main  or  outer  feedback  loop  of  the 
servomechanism. 

4.2.8  Test  Bed 

"  .  '  Jr 

The  servoactuator  and  load  system  of  the  Douglas 
FBW  system  are  mounted  to  a  large  stable  test  bed  shorn 
in  Fig.  75.  A  hinged  surface  creates  the  effect  of  an 
elevator  so  the  operator  can  sense  the  effectiveness  of 
the  control  system.  The  surface  and  the  hydraulic  actua¬ 
tor  are  coupled  to  one  end  of  a  torsion  bar  with  a  link¬ 
age  system.  The  torsion  bar  was  designed  to  resist  the 
actuator  motion  with  a  hinge  moment  equivalent  to  an  air¬ 
load  appropriate  for  the  size  of  the  hydraulic  actuator 
employed. 
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Figure  74,  Assembled  Control  Valve 
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The  actuator  load  system  was  fitted  with  an  addi¬ 
tional  inertia  load  and  a  damper  to  adjust  the  natural 
frequency  of  the  attached  load  to  a  point  where  motion 
amplification  due  to  structural  resonance  would  not 
occur.  Furthermore,  a  protractor  assembly  was  attached 
to  the  test  bed  frame  to  visually  indicate  the  angular 
deflection  of  the  attached  control  surface. 

The  test  bed  also  mounts:  the  pilot's  seat,  con¬ 
trol  stick,  and  torsion  bar  artificial  feed  system;  the 
solenoid  valves  and  attached  plumbing  to  generate  three 
controllable  hydraulic  sources  from  one  laboratory  pump 
stand,  and  a  junction  box  for  termination  and  intercon¬ 
necting  of  the  electrical  components  remote  from  the  test 
control  panel. 

4.2.9  Test  Control  Panel 


The  operation  of  the  McDonnell  Douglas  FBW  system 
is  directed  through  the  test  control  panel  shown  in  Fig. 
76.  The  test  control  panel  provides  the  switch  matrix, 
control  circuitry  and  monitoring  instrumentation  for  the 
control* of  the  115  volt  400  Hz  and  28  VDC  power  sources 
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control  channel  disconnects,  hardover  signal  sources  and 
hydrajilic  source  control  functions  are  available  on  the 
control  panel.  Status  indicator  lamps  are  provided  as 
required.  Storage  space  is  provided  for  the  three  con¬ 
trol  channel  electronic  modules  and  a  spare  unit. 


4.3  Control  Channel  Failure  Detection 


The  quality  of  the  three  individual  control  chan¬ 
nels  is  continually  evaluated  by  an  electronic  monitor 
shown  in  Fig.  77.  The  monitor  works  in  conjunction  with 
the  servoactuator  assembly  and  functions  in  the  following 
manner. 


Three  independent  modulating  piston  LVDT  output  sig¬ 
nals  are  available  from  the  servoactuator  assembly.  In 
normal  operation  these  signals  track  within  close  tolerances 
and  supply  virtually  identical  inputs  to  the  monitor.  In 
the  event  of  a  failure,  one  of  these  signal  inputs  will 
differ  from  the  other  two.  The  function  of  the  monitor 
is  to  constantly  compare  all  three  signal  inputs  and  de¬ 
tect  a  significant  (20%)  variation  of  one  from  the  other 
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two.  Dynamic  differences  are  tolerated  by  a  monitor  error 
integrating  time  constant  of  0.2  to  0.5  seconds. 

Upon  detection  of  a  variation,  the  monitor  disables 
the  failed  channel  by  interrupting  the  28  VDC  electrical 
poyer  to  the  servovalve  hydraulic  supply  shut  off  valve. 
The  failed  channel  is  "locked  out"  to  prevent  random 
hunting  in  the  event  of  an  intermittent  failure.  The 
monitor  disables  itself  after  the  first  failure  by  lock¬ 
ing  on  the  remaining  two  good  control  channel  servovalve 
hydraulic  supplies  irregardless  of  subsequent  innerchan- 
nel  variances. 

The  first  failure  will  cause  very  little  change  in 
the  outpuf:  of  the  servoactuator  because  the  voter  mech- 
ansim  still\has  two  active  inputs  which  may  be  voted  with 
the  neutralized  channel.  However,  a  nonsynchronous  voter 
action  must  preside  in  this  condition.  Two  active  voter 
inputs  must  continually  and  bilaterally  move  to  a  posi¬ 
tion  where  the  torque  loading  of  the  inactivated  channel 
is  effectively  cancelled,  and  the  remaining  voter  input 
may  assume  control  of  the  servoactuator  slide  valve. 

The  second  failure  will  cause  a  near  complete  loss 
of  control  due  to  the  inability  of  the  voter  mechanism 
to  function  effectively  with  two  neutralized  inputs. 

The  severity  of  the  effect  of  the  second  active  control 
channel  failure  will  vary  as  a  function  of  the  type  of 
failure  as  discussed  in  reference  3. 

4.4  Test  Schedule  ^ 

The  following  test  schedule  was  developed  to  evalu¬ 
ate  the  dynamic  performance  characteristics  of  thev  McDon¬ 
nell  Douglas  single  fail  operate  FEW  system  in  the  vari¬ 
ous  possible  modes  of  operation  and  with  certain  select 
simulated  failures. 

a.  Determine  the  unloaded  nominal 
dynamic  response  characteristics 
in  the  single  fail  operate  mode. 

b.  Determine  the  loaded  nominal  dy¬ 
namic  response  characteristics 
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■  .  .Jrt. ermine  the  unleaded  dynamic 
rtsponse  characteristics  with  a 
failure  ct  one  of  the  three  ac¬ 
tive  control  channels.  Fail¬ 
ures  are  to  be  simulated  bv  in¬ 
terrupting  the  28  VDC  power  to 
the  selected  control  channels. 

d.  Determine  the  unloaded  dynamic 
response  characteristics  with  a 
single  hardover  failure  applied 
to  one  of  the  three  active  con¬ 
trol  channels.  Evaluate  for 
both  po%itive  and  negative  po¬ 
larities  of  the  hardover  sig¬ 
nal  . 

e.  Determine  the  failure  detection 
characteristics  of  each  active 
channel  with  a  3  Hz  sinusoidal 
input.  Evaluate  with  hardover 
failures  of  both  positive  and 
negative  polarity. 


4.5  Test  Procedure 


4.5.1  Single  Fail  Operate  Dynamic  Response  Characteristics 


The  dynamic  response  characteristics  were  evaluated 
by  determining  the  amplitude  degradation  and  phase  shift 
of  the  actuator  output  over  a  frequency  range  of  0.1  to 
20  Hz. 

The  pilot  input  feel  system  was  disconnected  and  the 
control  linkage  was  driven  with  a  sinisodial  output  motion 
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Iren.  a  closed  loop  elec  trohydraulic  servomechanism  assem¬ 
bled  specifically  fur  this  purpose. 

The  servoactuator  was  designed  and  bricated  by 
Hydraulic  Research  and  Manufacturing  perse  ^el  for  appli¬ 
cation  as  the  output  actuator  for  the  B-47  phase  one  and 
two  flight  test  evaluation  disclosed  in  Volume  II  of  thi; 
report . 


The  servcactuator  drove  a  linkage  attached  to  the 
control  column  pivot  shaft.  Position  feedback  was  pro¬ 
vided  by  a  DC  biased  potentiometer  attached  at  the  end 
of  the  control  column  pivot  shaft. 

The  servovalve  of  the  servoactuator  was  driven  from 
a  specially  constructed  current  amplifier  and  the  loop 
gains  were  adjusted  for  a  nominal  first  order  response 
of  7  Hz  at  the  -3db  break  point. 

The  servoactuator,  servoamplifier  and  bias  supplies 
are  shown  mounted  on  the  McDonnell  Douglas  test  bed  in 
Fig.  78. 


The  input  to  the  servoamplifier  was  adjusted  to 
maintain  a  constant  control  input  amplitude  as  the  opera¬ 
ting  frequency  was  swept  through  the  desired  range. 

The  amplitude  degradation  of  the  McDonnell  Douglas 
FBW  system  output  actuator  was  referenced  to  a  zero  db 
point  defined  as  5%  of  the  input  signal  that  would  cause 
a  distorted  output  at  a  frequency  of  3  Hz. 

The  demodulated  output  of  the  channel  one  actuator 
LVDT  position  feedback  signal  was  obtained  from  a  test 
point  inserted  at  the  input  to  the  actuator  position  feed¬ 
back  gain  resistor  which  terminated  at  the  summing  junc¬ 
tion  of  the  voltage  amplifier. 

The  800  Hz  demodulated  signal  was  filtered  with  a 
second  order  lag  network  having  a  break  frequency  of  80 
Hz.  The  filter  break  frequency  was  designed  to  be  appro¬ 
ximately  one  order  of  magnitude  above  the  expected  dynamic 
response  of  the  McDonnell  Douglas  FBW  system. 

The  filter  output  signal  was  coupled  to  the  horizontal 
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The  control  column  input  signal  vas  obtained  from 
the  feedback  potentiometer  of  the  servomechanism  assem¬ 
bled  to  drive  the  McDonnell  Douglas  FBW  system.  This 
signal  and  the  filtered  output  signal  from  the  charnel 
one  McDonnell  Douglas  FBW  servoactuator  demodulated  were 
applied  to  the  axes  of  a  DC  coupled  oscilloscope  to  ob¬ 
tain  the  Lissajous  pattern  for  phase  shift  measurements. 

The  unloaded  dynamic  response  evaluations  were  made 
by  removing  a  portion  of  the  linkage  that  connected  the 
output  actuator  to  the  attached  load* 

4*5.2  Failure  Detection  Characteristics  (4.4  e) 

The  McDonnell  Douglas  FBW  system  was  driven  at  3  Hz. 
The  servoactuator  demodulated  and  filtered  output  signal 
was  monitored  with  an  oscilloscope  and  Polaroid  camera 
attachment.  Positive  and  negative  hardover  signals  were 
injected  into  each  channel  and  the  resulting  deviations 
in  the  waveform  of  the  motion  of  the  servoactuator  were 
recorded  on  film* 

4.6  Test  Result  and  Analysis 

4*6.1  Initial  Operational  Problems 

The  McDonnell  Douglas  FBW  system  would  not  operate 
with  all  channels  engaged  when  the  evaluation  was  initia¬ 
ted.  The  problem  was  traced  to  a  gross  mismatch  in  the 
DC  null  of  the  servoamplif iers  which  was  causing  the  moni¬ 
tor  to  disable  channel  two  on  a  continuous  basis.  The 
servoamplif iers  were  electrically  nulled  by  adjusting  the 
potentiometer  provided  for  this  purpose  through  a  small 
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la'll-  in  the  servoamp  1  i  f  it* r  case  that  was  obvicuslv  placed 
; o  tacilitdte  this  operation.  ih?  null  characteristics 
were  found  to  drift  very  badi>.  ihc  control  channels 
required  a  24  hour  warn- up  period  to  stabilize  the  out¬ 
put  . 


Thv  McDonnell  Douglas  FBW  system  was  then  operated 
ith  manual  inputs  to  the  control  stick  and  it  was  dis¬ 
covered  that  any  input  greater  than  that  sufficient  to 
cause  a  +  1°  movement  of  the  control  surface  would  cause 
the  monitor  to  consistently  disable  channel  two. 

This  problem  was  initially  traced  to  a  mismatch  in 
the  open  circuit  amplitude  of  the  signals  from  each  triple 
tandem  LVDT  transducer  assembly.  The  channel  electronic 
modules  were  inspected  and  found  to  contain  10  turn  linear 
potentiometers  inserted  as  voltage  dividers  at  the  output 
terminals  of  each  LVDT  demodulator. 

The  signal  amplitude  of  each  output  of  each  triple 
tandem  LVDT  assembly,  including  the  control  stick  input 
unit  was  then  painstakingly  matched  on  a  dynamic  basis 
by  adjusting  the  potentiometers  provided  for  this  pur¬ 
pose.  During  the  completion  of  this  procedure,  it  was 
discovered  that  the  channel  two  servoamp lifier  was  dis¬ 
playing  an  unusual  diode  characteristic  in  that  the  am¬ 
plifier  gain  varied  as  a  function  cf  the  amplitude  of  the 
input  signal.  The  amplifier  was  replaced  with  a  similar 
unit  from  the  spare  electronics  module  supplied  with  the 
FBW  system  and  the  variable  gain  characteristic  was  eli¬ 
minated. 

The  McDonnell  Douglas  FBW  system  was  then  reactivated 
and  found  to  function  satisfactorily  at  signal  inputs 
that  would  not  cause  a  surface  deflection  in  excess  of 
two  degrees  at  1.0  Hz.  Above  this  level,  the  monitor  con¬ 
tinued  to  disable  channels  on  an  indiscriminate  basis  and 
was  finally  bypassed  for  the  remainder  of  the  evaluation 
with  the  override  switch  provided  for  this  purpose. 

The  unloaded  dynamic  response  of  the  McDonnell  Doug¬ 
las  FBW  system  was  evaluated  and  found  to  be  4  Bz  at  the 
-3db  break  point.  This  was  a  considerable  deviation  from 
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the  response  n ^-abatements  shown  in  the  system  test  result1- 
ot  reference  one  and  a  decision  was  made  to  attempt  to 
ad  's  us.  the  loop  gains  for  maximum  dynamic  response  with- 
i  .it  instability. 

fhe  loop  gains  were  adjusted  on  a  trial  and  error 
basis  by  increasing  the  outer  loop  gain  in  small  matched 
movements  and  noting  the  change  in  the  nominal  dynamic 
response  characteristics .  The  final  result  was  that  the 
dynamic  response  characteristics  were  significantly  im¬ 
proved.  The  system  did  become  unstable  at  very  high  outer 
loop  gain  settings,  but  the  inner  loop  gains  for  the  mo¬ 
dulating  piston  and  slid$  valve  feedback  were  adjusted 
to  eliminate  this  instability,, 

The  McDonnell  Douglas  FBW  system  was  then  powered 
up  and  allowed  to  stabilize  for  several  days  after  which 
a  final  DC  null  trim  adjustment  was  performed  prior  to 
initiation  of  the  evaluation  tests. 

4.6.2  Dynamic  Response  Evaluation 

The  results  of  the  evaluation  of  the  dynamic  res¬ 
ponse  of  the  McDonnell  Douglas  FBW  system  in  the  single 
fail  operate  mode  are  shown  in  Fig.  79  through  82.  In 
general  the  dynamic  response  characteristics  remain  con¬ 
sistent  throughout  the  investigated  modes  of  operation. 

The  response  characteristics  illustrate  a  significant  pre¬ 
dominance  of  higher  order  effects.  The  system  bandwidth 
remains  very  flat  out  to  a  well  defined  "porch"  followed 
by  a  near  linear  decay  in  the  amplitude  ratio  of  approxi¬ 
mately  9  db  per  octave. 

The  frequency  response  of  the  McDonnell  Douglas 
FBW  system  in  ail  investigated  mod*;,  of  operation  varied 
from  8  to  9.5  Hz  at  the  -3db  break  point. 

The  phase  shift  characteristics  show  a  sudden,  very 
large  increase  in  the  relative  phase  shift  in  the  fre¬ 
quency  region  of  6  -  9  Hz  which  correlates  with  the  de¬ 
gradation  in  the  amplitude  ratio  previously  observed. 

The  unloaded  and  loaded  dynamic  response  charac¬ 
teristics,  Fig.  79  .nd  £0  show  that  the-  application 


120 


Operate  Dynamic  Response-Unloaded 


of  simulated  aerodynamic  loads  has  very  little  effect 
on  the  performance  characteristics  of  the  system. 

The  dynamic  response  characteristics  of  the  Mc¬ 
Donnell  Douglas  FBW  system  in  the  unloaded  mode  with 
simulated  failures  is  shown  in  Fig.  81  and  82.  Single 
failures  of  the  active  or  passive  type  did  not  materi¬ 
ally  affect  the  performance  characteristics  of  the  FBW 
system. 

4.6.3  Failure  Detection  Characteristics  (Monitor  De¬ 
activated) 

In  normal  operation,  the  system  monitor  would  de¬ 
tect  hardover  failures  and  deactivate  the  deviating 
channel.  The  modulating  piston  would  assume  a  neutral 
position  which  might  alter  the  results  presented  in  the 
following  section  of  this  report. 

The  instantaneous  deviations  in  the  3  Rz  sinusoi¬ 
dal  output  motion  of  the  servoactuator  with  hardover 
failures  injected  one  at  a  time  into  each  active  chan¬ 
nel  are  shown  in  Fig.  83  through  85.  In  general  the 
results  illustrate  that  the  voter  mechanism  effectively 
decouples  the  hardover  inputs  with  very  little  distor¬ 
tion  of  the  servoactuator  output  waveform. 

The  channel  one  results  shown  in  Fig,  83  show  the 
maximum  actuator  output  waveform  deviation  experienced 
in  this  evaluation.  The  results  indicate  that  channel 
one  voter  arm  was  in  control  of  the  voter  output  shaft 
and  actuator  slide  valve  when  the  hardover  input  was 
injected.  The  voter  mechanism  assumed  a  new  p  sition 
of  torque  equilibrium  which  produced  an  actuator  posi¬ 
tion  offset  equal  to  0.50°  of  surface  deflection.  The 
offset  was  in  the  direction  of  the  hardover  input. 

The  channel  two  and  three  test  results  show  kittle  if 
any  effect  as  a  result  of  the  injection  of  a  hardover  signal. 

4.7  Conclusions 

The  bandwidth  of  the  refurbished  McDonnell  Douglas 
FBW  system  is  very  adequate  for  fly-by-wire  applications. 
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Hardover  Positive 


Hardover  Negetive 

Vertical  1°  Surface  Motion  /  Major  Div. 
Horizontial  0.16  Sec/  Cm. 


Figure  83.  Channel  One  Failure  Detection  Characteristics 
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Hardover  Positive 


Mo  Measureable  Effect 


Hardover  Negative 

Vertical  1°  Surface  Motion  /  Major  Div. 
Horizontial  0.16  Sec/  Cm. 

Figure  84.  Channel  Two  Failure  Detection  Characteristics 
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Hardover  Positive 


Hardover  Negetive 


Vertical 

Horizontial 


1°  Surface  Motion  /  Major  Div. 
0.16  Sec/  Cm. 


Figure  85.  Channel  Three  Failure  Detection  Characteristics 
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The  voter  mechanism  functions  very  well  in  de¬ 
coupling  active  or  passive  control  channel  failures  in 
the  single  fail  operate  mechanism.  However,  the  prin¬ 
ciple  could  not  be  applied  to  a  two  fail  operate  mech¬ 
anization  unless  the  additional  active  channel  input 
to  the  voter  torque  summation  shaft  is  decoupled  until 
the  first  failure  is  detected  and  removed. 

This  requirement  is  necessitated  by  the  fact  that 
a  median  select  system  cannot  function  with  four  inputs 
because  there  will  be  two  mid-values. 

The  control  channel  electronic  hardware  is  of 
marginal  quality  and  definitely  not  adequate  for  fly-by¬ 
wire  applications.  The  operational  amplifiers  are  not 
stable  and  exhibit  a  gross  long  term  drift  characteris¬ 
tic  which  can  only  be  corrected  by  the  complete  replace¬ 
ment  of  the  entire  servoamplifier  network  with  state  of 
the  art  chopper  stabilized  devices  which  have  very  fav¬ 
orable  and  very  long  term  limited  drift  characteristics. 

In  addition,  the  hydraulic  supply  solenoid  valves 
are  not  of  the  continuous  duty  type,  although  the  method 
of  operation  of  the  FBW  system  requires  this  specifica¬ 
tion.  Consequently,  two  of  the  three  solenoid  valve 
electromagnets  shorted  during  the  evaluation.  The  first 
short  caused  extensive  damage  to  the  internal  wiring  in 
the  control  console  as  a  result  of  the  use  of  low  tem¬ 
perature  thermoplastic  sheaths  and  the  commonly  applied 
practice  of  running  power  and  instrumentation  wiring  in 
a  common  laced  bundle. 

The  solenoid  short  caused  excessive  current  in  the 
DC  power  conductors  to  the  valve  and  the  switches  on  the 
control  console.  The  solenoid  DC  supply  was  not  wired 
through  a  fuse,  although  several  spare  fuse  elements 
were  provided  on  the  control  console.  Therefore,  the 
current  surge  melted  together  several  cable  assemblies 
before  the  power  could  be  manually  interrupted  at  an 
external  circuit  breaker. 

This  instance  and  others  of  a  like  nature  discus¬ 
sed  in  this  report  that  have  occurred  in  the  performance 
of  this  contract  indicate  the  dependency  a  fly-by-wire 
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system  placed  on  the  integrity  and  quality  of  the  inter¬ 
connecting  wir\ng  and  the  craftsmanship  of  the  fabrica¬ 
tors  and  installers  of  fly-by-wire  systems. 

4.7  Recommendations 

The  McDonnell  Douglas  fly-by-wire  laboratory  model 
demonstrator  performance  characteristics  are  totally 
dependent  upon  the  integrity  of  the  voter  mechanism. 

This  device  is  purely  mechanical  and  is  thus  subject  to 
wear  as  a  result  of  the  continuous  movement  of  the  voter 
input  arms  and  output  shaft.  In  addition,  the  voter  mech¬ 
anism  may  be  sensitive  to  forcing  functions  caused  by 
acceleration  and  vibration  inputs. 

Therefore,  it  is  recommended  that  a  wear  life  and 
environmental  test  evaluation  be  conducted  on  this  sen¬ 
sitive  area.  The  McDonnell  Douglas  FBW  system  should 
be  run  on  a  continuous  cyclic  basis  and  the  dynamic  res¬ 
ponse  and  failure  detection  characteristics  should  be 
evaluated  on  a  scheduled  basis  with  and  without  envir¬ 
onmental  effects,  to  determine  if  the  voter  mechanism 
performance  will  degrade  with  continued  use. 

In  addition,  the  monitor  device  SuOuld  be  refur¬ 
bished  and  the  failure  detection  characteristics  should 
be  re-evaluated  with  the  monitor  functioning.  The  de¬ 
tection  characteristics  may  be  changed  by  L'ne  fact  that 
the  monitor  disables  the  hydraulic  supply  to  the  servo¬ 
valves  thus  neutralizing  the  respective  phannel  modu¬ 
lating  piston.  The  failed  channel  .'oter^arm  may  cause 
more  interference  in  the  position  because  it  will  lag 
very  near  the  zero  center  position  of  tbie  voter  output 
shaft  and  may  introduce  crossover  distortion  as  the  sys¬ 
tem  input  swings  through  the  slide  valve  center  position. 
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. ACTION  III 


REDUNDANT  ACTUATION  A.ND  CONTROL 
EQUIPMENT  DESIGN  TECHNIQUES 


1.  TECHNICAL  APPROACH 

In  the  last  ten  year  period,  there  has  been  coot  '■  derabie 
activity  in  the  field  of  redundant  flight  control  sys!>'<.s. 

This  has  been  particularly  true  in  the  area  of  redundant  elec- 
trohydraulic  control  systems  based  on  using  electrical  rather 
than  mechanical  transmission  of  control  signals.  To  meet  the 
reliability  demands  on  the  electrical  "fly-by-wire"  control 
systems,  various  redundancy  techniques  for  the  electrical 
and  electrohydraulic  elements  have  been  developed.  Some  of 
the  current  techniques  carried  through  to  flight  equipment 
exist  in  the  F-lll,  Concord  SST,  TWeaD  F4  (experimental)  and 
Triple  Six  F4  (experimental). 

The  redundancy  technique  most  commonly  used  to  improve 
the  reliability  of  che  electrical  elements  is  based  on  a 
median  select  mechanization.  This  mechanization  connects 
the  output  of  the  redundancy  block  to  the  element  whose  out¬ 
put  lies  between  the  other  two  elements,  both  in  amplitude 
and  polarity.  In  the  case  of  electrohydraulic  actuator  re¬ 
dundancy,  the  techniques  used  to  incorporate  redundancy  vary 
from  force-sharing  to  active -standby  mechanizations.  The 
force-sharing  mechanization  couples  the  outputs  of  three 
or  more  control  elements  together  so  that  the  deviations  of 
any  one  element  tend  to  be  cancelled  out  by  the  other  paral¬ 
lel  elements.  In  the  active -standby  system,  each  control 
element's  performance  is  monitored  and  the  control  elements 
are  selectively  coupled  to  the  output  of  the  mechanization. 
Only  one  control  element  is  coupled  at  any  one  time  to  the 
output. 

Application  of  the  force-sharing  mechanization  is  con¬ 
fined  to  "series"- type  actuators.  (A  series  actuator  is 
considered  to  be  one  that  is  in  series  with  the  control  in¬ 
put,  and  normally  drives  the  input  linkage  of  an  actuator 
driving  a  control  surface.)  The  high  actuator  stiffness 
required  to  drive  a  control  surface  makes  the  force-sharing 
technique  (with  its  required  parallel  element  force  output 
matching)  too  difficult  to  be  practicable  at  that  point  in 
the  control  system.  The  active -standby  mechanization  is 
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utilized  both  for  series  and  surface  type  actuators. 

All  of  the  redundancy  techniques  to  date  have  based 
their  design  on  the  use  of  parallel  control  elements  in  order 
to  improve  reliability.  All  cf  the  redundancy  techniques 
also  incorporate  some  "common"  elements.  (A  "common"  ele¬ 
ment  is  one  whcse  operation  affects  the  total  input-output 
operation  of  the  redundancy  block.)  These  common  elements 
appear  in  the  monitoring  and  switching  elements  of  the  active- 
standby  mechanizations.  In  the  force -sharing  and  median  select 
mechanizations,  the  common  elements  appear  in  the  connection 
of  the  cutpu?:  of  the  redundancy  elements  into  one  common  elec¬ 
trical  or  mechanical  item. 

From  the  standpoint  cf  the  reliability  achievable  from 
parallel-element  redundancy,  there  is  a  significant  advantage 
in  eliminating  all  common  tie  points  between  redundant  control 
channels  in  a  redundant  control  system  mechanization.  This  in¬ 
cludes  eliminating  the  elements  used  to  make  comparison  be¬ 
tween  control  channels  for  the  purpose  of  failure  detection 
as  well  as  the  output  common  element. 

This  principle  is  recognized  in  some  of  the  latest  air¬ 
craft  designs,  even  with  some  of  the  conventional  control  sys¬ 
tem  mechanizations.  Some  of  the  large  aircraft  now  employ 
split  surfaces.  Even  in  the  split  surface  configurations 
(basically  an  aerodynamic  force  sharing  mechanization)  it  is 
necessary  to  monitor  the  individual  failures.  The  input-output: 
monitoring  technique  does  not  solve  the  problems  of  surface 
synchronization,  but  does  maintain  interchannel  isolation  of 
the  monitoring  elements  and  detects  channel  failures. 

The  theoretical  basis  for  this  approach  can  be  seen  by 
examining  the  reliability  diagrams  and  expressions  for  a 
genera1  parallel-redundancy  mechanization.  The  analysis  is 
based  on  the  following  points. 

L„  In  a  redundant  system,  component  failures 

have  only  the  two  following  effects  on  the 

a  y i tem : 

a)  The  component  failure  appears  as  a 
sinele  channel  failure,  and 

b)  The  component  failure  fails  the  func¬ 
tion  of  the  whole  system. 
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2.  The  function  of  the  redundant  control  sys¬ 
tem  is  twofold: 

a)  The  system  generates  an  output  in 
relation  to  some  input,  and 

b)  In  the  event  of  a  component  fail¬ 
ure,  the  mechanization  detects  the 
failure  and  removes  its  effect  on 
the  output  of  the  system. 

Therefore,  by  categorizing,  as  listed  above,  the  failures  of 
the  elements  making  up  a  redundancy  mechanization,  component 
reliabilities  can  be  represented  as  either  series  or  parallel 
reliabilities  in  a  reliability  flow  diagram. 

Consider  a  3-channel  redundant  system.  In  the  following 
general  reliability  flow  diagram,  R]_,  R2,  and  R3  are  the  re¬ 
liabilities  of  those  control  elements  appearing  as  channel 
failures,  while  R*  is  the  reliability  of  those  elements 
whose  failures  would  cause  total  loss  of  the  system  function. 


Assume  that  Ri  =  R2  =  R3,  and  that  any  one  of  the  three  par¬ 
allel  units  being  operational  is  adequate  for  the  operation 
of  the  redundant  configuration.  The  reliability  of  the  three 
parallel  element  configuration  is: 

3 

Rs  =  R*  (1  -  Q^)  where  R  is  the  probability  of  no 

failure , 

Q  is  the  probability  of  failure, 
R  +  Q  =  1,  and 

Rs  is  the  system  reliability. 

It  is  interesting  to  examine  the  above  reliability  equa¬ 
tion,  assuming  that  the  series  reliability  R*  is  100  times  as 


133 


reliable  as  R]_.  This  means  that  R*  =  1 


0.01  Qi 


Therefore  Rg  =  (1  -  O.OIQ^)  (1  -  Q^) 

Rs  =  1  -  O.OlQi  -  Qj  +  0.01  qf 

Calculating  Rs ,  the  system  reliability,  and  the  relia¬ 
bility  of  the  parallel  elements  without  R*;  and  with  R-[ 
varied: 


(Reminder:  the  series  element  reliability 

in  all  cases  is  100  times  better  than  that 
of  a  single  parallel  element.) 


Rl 

Rs 

Parallel  Elements  Alone 
(1  -  Q?) 

Case  I 

0.9 

0.998 

0.999 

Case  II 

0.99 

0.9999 

0.999999 

Case  III 

0.999 

0.99999 

0.999999999 

Case  IV 

0.9999 

0.999999 

0.999999999999 

The  reliability  difference  (without  the  series  element 
R*,  as  compared  to  with  it)  is: 

Case  I  is  2  to  1 
Case  II  is  100  to  1 
Case  III  is  10,000  to  1 
Case  IV  is  1,000,000  to  1. 

What  is  indicated,  as  the  reliability  of  parallel 
elements  is  improved  through  design  evolution  or  technolo¬ 
gical  breakthrough,  is  that  the  benefits  of  redundancy  are 
dramatic  if  the  series  or  "common"  elements  can  be  elimina¬ 
ted.  What  is  also  indicated  is  that  pure  parallel  redundancy 
has  the  potential  of  allowing  control  system  reliability 
equal  to  that  of  the  airframe  itself. 
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It  therefore  appears  that  the  primary  objective  of  the 
design  of  any  redundancy  mechanization  should  be  the  elimi¬ 
nation  of  "common"  elements.  While  total  elimination  is 
probably  not  practical  with  current  state-of-the-art  control 
techniques,  selection  of  allowable  common  elements  should 
be  very  carefully  done,  in  order  to  realize  even  some  of  the 
reliability  improvement  possible  with  parallel  element  re¬ 
dundancy. 
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SECTION  IV 


INVESTIGATION  OF  POWER  SWITCHING  VALVES 


1.  INTRODUCTION 

In  incorporating  redundancy  in  flight  control  system, 
it  is  sometimes  desireable  to  switch  hydraulic  supplies  to 
a  hydraulic  branch,  when  the  normal  hydraulic  supply  fails,, 

To  investigate  the  feasibility  of  such  a  switching  device, 
a  power  supply  switching  valve  was  designed,  fabricated  and 
laboratory  tested.  The  valve,  upon  the  reduction  of  the 
primary  supply  pressure  to  1/3  of  the  secondary  supply  pres¬ 
sure,  transferred  both  supply  and  return  line  output  con¬ 
nections  to  the  secondary  hydraulic  system. 

2.  MECHANIZATION  DESCRIPTION 

Fig.  86  is  a  cross-section  drawing  of  the  valve.  In 
order  to  minimize  contamination  sensitivity,  no  lapped  fit 
seals  were  used  to  seal  off  the  supply  pressures.  Metal  to 
metal  cone  face  seals  were  used  to  block  the  two  supply  pres¬ 
sures.  To  prevent  flow  (which  could  cause  silting  by  carry¬ 
ing  in  dirt)  through  the  clearances  between  the  switching 
spool  and  its  sleeve,  teflon  cap  seals  were  used  on  the  spool. 

The  principle  of  operation  was  based  on  a  force  unbal¬ 
ance  applied  to  the  switching  spool  end.  As  long  as  the  pri¬ 
mary  hydraulic  supply  pressure  ^remained  above  33-1/3%  of  the 
secondary  supply  pressure,  the  pressure  on  the  spool  end 
areas  generated  a  force  which  held  the  switching  spool  to 
the  left  (as  shown  in  Fig. 86  ),  connecting  the  primary  hy¬ 
draulic  system  and  R^  to  the  output  pressure  and  return 
ports.  With  the  reduction  of  the  primary  supply  pressure  , 
below  1/3  of  the  secondary  supply  pressure,  the  switching 
valve  moved  to  the  right,  connecting  supply  ?2  and  R2°  Fig. 87 
is  a  photograph  of  the  test  valve  hardware. 

In  constructing  the  switching  valve,  the  spool  was 
fabricated  from  a  hardened  stainless  steel.  The  portion  of 
the  sleeves  containing  the  cone  seats  for  pressure  shutoff 
were  fabricated  from  brass.  This  material  was  selected  to 
allow  the  hardened  shutoff  spool  to  form  its  own  seat.  The 
prepare  drop  with  flow  through  the  switching  valve  was 
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Figure  86. Cross  Section  Drawing  of  Power  Switching  Valve 


38 


Figure  87.  Test  VaLve  Hardware 


designed  to  be  10  psi  at  20  GPM. 

3.  TEST  PROCEDURE 


The  switching  valve  was  connected  in  the  test  circuit 
shown  in  Fig.  88  «  Supply  pressure  ?2  was  maintained  at 
3000  psi  while  Pi  was  lowered.  The  pressure  gauge  connected 
to  the  switching  valve  output  pressure  port  was  used  to  in¬ 
dicate  the  supply  system  transfer  point.  .  The  load  valve 
was  used  to  vary  the  flow  through  the  switching  valve  from 
0  to  10  GPM,  while  checking  the  switching  characteristics. 

The  pressure  transducer  and  chart  recorder  were  used 
to  record  the  transfer  characteristics. 

4.  TEST  RESULTS 


With  P2  at  3000  psi,  the  switching  block  transferred 
when  P^  was  reduced  to  600  psi.  After  transfer  to  the  P2 
system,  increasing  Pi  to  900  psi  caused  the  switching  valve 
to  reconnect  the  Pi  supply  to  the  output.  The  difference 
between  the  1000  psi  design  switching  level  and  the  measured 
600  psi  was  due  to  the  ?2  hrive  area  (determined  by  the  exact 
sealing  point  on  the  cone  face  seal)  being  slightly  smaller 
than  anticipated.  Fig.  89  shows  the  measured  output  charac¬ 
teristics  when  Pi  system  supply  stand  was  turned  off  while 
flowing  1  GPM  at  3000  psi. 


5.  RECOMMENDATIONS  AND  CONCLUSIONS 


The  switching  valve  worked  as  designed.  The  design 
which  was  tested  incorporated  face  seals  for  pressure  line 
switching.  It  incorporated,  however,  conventional  spool- 
sleeve  shutoff  for  the  -eturn  lines.  From  a  contamination 
sensitivity  design  poin; ,  it  would  be  desireable  to  use  face 
seals  for  both  the  suppl  and  return  line  switching.  Fig.90 
shows  a  design  approach  which  uses  face  seals  for  both  the 
pressure  and  return  line  transfer. 
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Figure  88.  Switching  Valve  Test  C4*.cuit 
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